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Summary
Traditionally, food microbiologists have suggested the ability of a fatty medium to increase bacterial 
survival during thermal treatments. However, only theories have been suggested to describe the 
physiology of bacterial survival, one of which describes the encapsulation of bacteria within the oil 
droplet. The aim of this work was to measure the extent of survival in milk and model emulsions 
comprising increasing concentrations of dispersed oil and to understand the mechanisms of bacterial 
survival within these food emulsion systems. The inactivation kinetics of Salmonella enteritidis Phage 
type 4 was investigated at a minimal heating temperature of 55°C within a number of model emulsions 
and UHT milks and cream. Survival of S. enteritidis was measured by calculating the D-value from 
survivor curves obtained during heat challenge.
A heat challenge method was developed which, as far could be ascertained, was free from 
methodological artefacts influencing the nature of survival curves. Cells were heated in model emulsions 
comprising increasing concentrations of hexadecane or sunflower oil emulsified using three different 
surfactants, and in UHT milks and cream. Each emulsion type used was characterized using laser sizing 
apparatus and microscopic techniques.
Overall, an increase in survival was observed as the dispersed oil phase within the model emulsions used 
increased from 5 to 15% v/v. Tailing of survivor curves was observed during heat challenge, the extent of 
which was increased as the dispersed phase was also increased. This was measured by the decrease in r  ^
coefficient which measured the degree-of-best-fit for the linear plot of the survivor curve from which the 
D-value was calculated. Survival of S.enteritidis at 55°C in UHT milk and cream was also enhanced by 
the increase in milk fat concentration. Again, pronounced tailing was observed with cells suspended in 
cream that contained 18% v/v milk fat. Microscopic examination of S. enteritidis grown in the model 
emulsions showed the close association of cells with the dispersed phase of the emulsion, suggesting a 
relationship between adhesion of cells to the oil droplets and the increase in cell survival. Bacteria were
not encapsulated within dispersed phase oil droplets as suggested by previous workers. Cell Surface 
Hydrophobicity of a number of Enterobacteriaceae identified bacteria possessing higher and lower CSH 
than S. enteritidis. Heat challenge of bacteria possessing higher CSH suggested that the influence on 
CSH and the adhesion of cells to dispersed oil droplets during heat challenge did not significantly 
increase D-values. However, detection of cells following heat challenge showed that cells possessing 
high CSH were being recovered long after those cells which possessed low CSH.
The comparison of Dss-value of S. enteritidis in broth alone and broth containing surfactant identified 
that the surfactant Tween 60 increased the cells sensitivity to heat. As dispersed phase was added the 
sensitivity to heat decreased, suggesting a ‘mopping up’ effect by the dispersed phase. This removal of 
surfactant or toxic components of surfactant from the aqueous phase of the emulsion reduced cell 
sensitivity to heat resulting in an increase in Dgg-value. Further investigations revealed that partitioning 
of surfactant between the oil and aqueous phase occurred, resulting in differing levels of sensitivity to 
heat within each separated phase.
The influence of casein on the survival of S. enteritidis in milk was also investigated. Dgg-values were 
performed in modified milks and casein solutions to determine their influence on heat sensitivity. Casein 
concentration was measured using the Kjeldhal protein determination and Lowry protein assay. Overall, 
cells were found to be more sensitive to heat in skimmed milk than in modified milk and casein solutions.
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1.0 Salmonella enteritidis: a foodborne pathogen
1.1 Introduction
Salmonellosis is the disease caused by Salmonella. It is an invasive bacterial infection to which both 
humans and animals are susceptible and in some cases, it can result in death. Three different types of 
illness in humans are caused by different types of Salmonella. The most severe is typhoid fever, caused by 
S. typhi. first described by Bretonneau in 1829. Humans are the only reservoir for S. typhi, so instances of 
typhoid fever imply human faecal contamination of water or food, (Cliver, 1990). The second type is 
enteric fever. Three types of Salmonella are principally responsible - S. paratyphi A, S. schottmuelleri 
and S. hirschfieldii. The sources of these organisms are the same as for typhoid fever - humans. The 
symptoms of enteric fever are similar to typhoid fever but less severe. There is generally septicemia, fever, 
headache and abdominal pain.
The most common type of salmonellosis that occurs in the UK is a gastroenteritis syndrome (food 
poisoning) caused by other types of Salmonella. More than 2300 serotypes of Salmonella are presently 
known, but only about 200 have been associated with human disease. The first report associating 
Salmonella with food poisoning came in 1888 from Germany, when Gaertner isolated S. enteritidis from 
the meat of an emergency slaughtered cow. All 58 people who consumed the meat contracted food 
poisoning and at least one man died (Blood, 1969).
In various western countries, including the UK, reported cases of salmonellosis have increased steadily 
during the 1970s and 1980s, with an especially sharp rise in some countries during the past 10 years due to 
certain phage types of Salmonella enteritidis (Baird-Parker 1990). Between 1985 and 1989 the number of 
cases of salmonellosis approximately doubled to more than 26 000 cases in England and Wales during 
1989 (Anon, 1992). This increase in salmonellosis in the UK since 1984 has been almost entirely due to
Salmonella enteritidis. More than 60% of salmonellas from human cases typed by the PHLS Division of 
Enteric Pathogens between January and August, 1990, were S. enteritidis, 85% of which were phage type
4. S. enteritidis PT4 has been found in 16% of broiler chickens on retail sale (Anon, 1988) and in the 
contents of at least 1% of eggs from infected poultry flocks (Mawer et a l,  1989 and Humphrey et a l, 
1989a).
With greater awareness of this organism as a foodborne pathogen, particularly in the 1980s and 1990s, 
many food companies suffered huge financial losses, including many lawsuits. In the US one outbreak was 
estimated to have cost almost £100, 000, 000. The impact on one company in the UK in the early 1980s, 
following an outbreak of infection in baby food, led to the loss of half the company’s market value and 
200 jobs (Roberts et al., 1995).
1.2 The organism Salmonella enteritidis PT4
In the years 1909 to 1923 many of the bacteria now known to be responsible for a large proportion of food 
poisoning incidents were grouped together under the generic name Salmonella by Lignieres in 1900 in 
honor of D.E. Salmon, a co-discoverer of the microorganism now known as Salmonella cholerae-suis. 
Today, more than 2300 serotypes of Salmonella are known, with about 200 having been associated with 
human disease.
Salmonella enteritidis PT4 is a member of the Enterobacteriacae family. S. enteritidis is a Gram-negative, 
non-sporeforming rod (typically 0.5 pm by 1-3 pm). Like most other Salmonellae it is motile via 
peritrichous flagella. Only a few. Salmonella pullorum, S. gallinarium and a type of S. arizonae, are non- 
motile. It is facultatively anaerobic, and will grow over a range of temperatures and pH. Growth has been 
recorded at temperatures from between 5°C and 47°C with its optimal growth temperature at 37°C. It will 
grow over a pH range of 4.1 to 9.0. The minimum pH varies with the type of acid present. Permissive
acids are generally the inorganic acids, such as HCl which permits growth as low as pH 4.05 (Adams & 
Moss, 1995). Once the organism has been isolated, it grows readily on common bacteriological media 
such as nutrient agar. Colonies are 2 - 4 mm in diameter after 18-24 h incubation at 37°C and appear as 
greyish-white dome shaped discs with an entire edge (Gillies, 1984).
Biochemically, S. enteritidis possesses the following characteristics: catalase-positive, oxidase-negative, 
urease-negative, indole-negative methyl red-positive and Voges-Proskauer-negative (Ewing, 1986). Its 
fermentation of glucose with acid and gas production and the fact that it does not hydrolyze gelatin, casein 
or milk is of particular importance to food microbiologists. For detection and isolation of S. enteritidis 
from food and other clinical and environmental samples, direct plating, selective enrichment and several 
rapid methods (e.g., ELISA and immunomagnetic separation) can be used in various combinations.
All motile Salmonella possess two main antigens. The O or somatic antigens are Group antigens and these 
classify Salmonella into 50 groups, each of which is given an alphabetic character A, B, C i , C2 and D 
(Table 1.). Over 98% of Salmonellas that are commonly isolated fall into the first 12 of the 50 groups, 
while less common isolates fall into some of the other groups. The H or flagella antigens of a single strain 
may occur in either or both of 2 phases; phase 1 antigen being shared by only a few other strains whereas 
phase 2 is shared by many; these phases are referred to as specific and non-specific phases. A few 
Salmonella possess a third Vi or capsular antigen occurring on the surface and when present it masks 
agglutination with O antisera. Salmonella typhi, S. duhlin and S. hirschfieldii are the only three species 
known to express this antigen.
Table 1.1 Salmonellae: some representatives of the genus (Kauffman-white scheme)
Group Serotype Somatic antigens
Flagellar antigens 
Phase 1 Phase 2
A S. paratyphi A 1, 2,12 a -
S. kiel 1, 2,12 g,P -
B S. paratyphi B 1,4, 5, 12 b 1,2
S. typhimurium 1,4, 5,12 i 1,2
Cl S. paratyphi C 6 ,7  Vi c 1,5
S. thompson 6,7 k 1,5
C2 S. newport 6 ,8 e ,h 1,2
S. bovis-morbificans 6 ,8 r 1,5
D S. typhi 9,12, Vi d -
S. enteritidis 1,9, 12 g,m -
From Gillies. R. R (1984).
1.3 Human salmonellosis
Gastrointestinal infections are primarily associated with those serotypes which are regularly found in 
humans and animals. They can range in severity from asymptomatic carriage to severe diarrhoea and are 
the most common type of salmonellosis (Adams & Moss, 1995).
The principal symptoms of infection in man are diarrhoea, abdominal pain, mild fever, chills, nausea and 
vomiting; prostration, anorexia, headaches, and malaise may also occur. The incubation period in man is 
between 5 and 72 h (occasionally up to 7 days). Symptoms usually occur between 12 and 36 h after
infection and usually last from 2 to 5 days (Baird-Parker, 1990). Illness is generally more severe in the 
very young and elderly people and death is more likely among these groups (Neter, 1950).
The infective dose in man is at least 1 million cells. However, there is strong epidemiological evidence 
that many fewer organisms, between 10 and 100, have been responsible for illness in very young children 
and elderly people. One example of this was an outbreak in a babies unit in a hospital in the United States 
where seven were infected and 3 died (Murray et al, 1958). A low infective dose has also been reported in 
outbreaks when the organism is contained in high-fat foods, such as cheese, chocolate, hamburgers and 
salami (Blaser et al., 1982, D’Aoust, 1985 and Gill et al., 1983) possibly by the protection of bacteria 
from intestinal acids by the fat.
Although the acute stage of illness passes fairly rapidly, the carrier state can last for 3 months and 
sometimes there are complications. For instance, in patients with underlying disease such as cancer, 
septicemia is not uncommon and in healthy individuals there may be a wide range of consequences, 
including neurological and muscular disease, reactive arthritis and osteomyelitis (Archer, 1984).
With regards to treatment of salmonella infection, early fluid replacement is usually required. Antibiotic 
treatment is likely to prolong the carrier state and is therefore not recommended in cases with no 
complications. Ciprofloxacin reduces the duration of diarrhoea and fever, and eliminates salmonella from 
stools; the sugar derivative lactulose is useful in some cases. The organism can usually be isolated from 
vomitus and faeces, but not the blood, although some strains of S. dublin, S. typhimurium, and S. 
enteritidis often cause septacaemia.
1.4 Sources of Salmonella enteritidis
Salmonellosis in animals and man is usually due to consumption of contaminated food or water. 
Salmonellas are zoonotic organisms carried in the intestinal tract and associated organs of most farm and 
wild animals, including birds, mammals and reptiles. Transmission is by the faecal-oral route whereby
intestinal contents from; an infected animal are ingested with food or water. Secondary spread of the 
organism may be by the faecal-oral route among intensely farmed animals and among patients in hospitals 
and institutions (Data et al., 1960).
Farm animals may become infected from various sources, including, rodents, birds but the principle 
sources are other animals, which may be asymptomatic excreters and contaminated feeding stuffs (Harvey 
et a l, 1967). Transfer of Salmonella between animals is particularly associated with situations where 
animals may be stressed and crowded such as during transport, at markets and at slaughterhouse holding 
pens.
In the UK, the major source of Salmonella infection is from poultry and poultry products. Of particular 
importance is the known vertical transmission of host-adapted Salmonella serotypes from breeding flocks 
to their progeny, especially the serotype S. enteritidis phage type 4, which was responsible for the rise in 
salmonellosis since 1985. Between 1981 and 1988 the number of isolations of S. enteritidis increased 14- 
fold, while those of S. typhimurium less than doubled. Poultry was the food most commonly associated 
with outbreaks of salmonellosis in 1986 and 1987 (Rampling et a l, 1989) and it is estimated that 60-80% 
of retail chickens in the UK are contaminated with Salmonella (Anon, 1988), but in 1988 and 1989, eggs 
were the most frequent vehicle of infection (St Louis et al., 1988).
Contamination of eggs with salmonellas can occur via the shells surface and from the eggs contents. 
Contamination of the shell occurs as a result of infection with faecal material from the hen’s cloaca or 
after laying in the nest, followed by contamination of the eggs contents when the shell is broken. The 
evidence for the incidence of eggshell contamination by S. enteritidis is very variable. In the UK, Mawer 
et al. (1989) reported that none of the 360 eggs from a small free-range flock implicated in a school- 
associated outbreak of salmonellosis was shell-positive for PT4 even though the organism was isolated 
from egg contents. In later studies with the same birds (Humphrey et al, 1989a) reported that S. enteritidis 
PT4 was isolated from the shells of 5 of 68 eggs. It is not known how many salmonellas are on egg shells.
In one study (Baker et al., 1985), ‘dirty’ duck eggs were found to be carrying 5x10^ salmonellas per egg, 
compared to less than IxlOVegg with ‘clean’ eggs.
In more recent cases however, contamination of the yolk of the intact egg has also been indicated. 
Evidence has accumulated which supports the view that the contamination of egg contents with S. 
enteritidis is the result of infection of the reproductive tissue rather than the passage through the shell 
after lay (Mawer et al., 1989; Humphrey et al 1989b, 1991b).
Contamination of food by S. enteritidis PT4 can occur at any stage in the food chain, from the farm, 
through processing and distribution, to the consumer’s kitchen. Each year since 1988 in England and 
Wales, eggs or dishes containing egg have been implicated as the suspect food in 40-60 outbreaks of S. 
enteritidis PT4 infection (Anon, 1992). Mayonnaise was implicated most frequently, followed by mousse 
and meringue.
S. enteritidis has also been implicated in outbreaks with milk and milk products. Outbreaks of milkbome 
salmonellosis associated with the consumption of raw cows’ milk are still reported in the UK (Barret, 
1989) and United States (Sharp, 1987). Milk products including ice cream and cheese made from 
unpasteurized cows’ milk have also been implicated in outbreaks (O’Donnell, 1995; Rampling, 1990). 
Salmonellosis has also been implicated in massive outbreaks of pasteurized milk in the UK and United 
States (Barret, 1986; Lecos, 1986). In 1985 at least 16,284 people contracted salmonellosis and 7 people 
died from pasteurized milk contaminated with S. typhimurium from pipes leading from a bulk tank of raw 
milk.
1.5 Salmonella enteritidis and food safety.
Food processing is a prerequisite for the production of a microbiologically safe product with a suitable 
shelf life. The basic food preservation treatments involve heating, chilling, freezing, drying, fermenting or 
modified atmosphere packaging (MAP). In addition to these, chemical and natural preservatives are also 
used.
A proportion of Salmonella in a food will be killed by freezing and thawing. In terms of reducing the 
population, generally one can achieve about 1-2 logio reduction in one treatment cycle. By doing this 
repeatedly. Salmonella can be eliminated from poultry meat, but unfortunately quality is reduced to the 
point that the meat may no longer be edible.
pH influences the growth and survival of S. enteritidis. Salmonella will grow in the pH range 4.1- 9. Some 
studies with apples have shown that the organism can grow at a pH as low as 3.7. The minimum pH at 
which salmonellas will grow depends on several factors, one of which is the strain of the organism. The 
temperature is also important. The nearer the optimal temperature conditions for growth, the more 
tolerant the organism is to adverse pH conditions (Alexandrou et al, 1995).
Another factor that influences the rate at which Salmonella will be inactivated by heat is water activity 
(aw) in the food or the humidity of the environment. For example, in whole eggs contaminated with S. 
typhimurium, the D-value at 60°C is about 0.27 minutes. By adding 10% sucrose to these eggs and 
lowering the water activity, the D-value is doubled to about 0.6 minutes. Water activity is an important 
factor relative to determining the pH range in which an organism can grow. As the aw gets farther away 
from the optimum for Salmonella growth, the organism will not grow under less permissive conditions 
and cannot grow at lower pH values. Most salmonellas can grow in foods with an aw range of 0.945 - 
0.999 (Corry, 1976).
Heat is the main means of killing Salmonella in foods. Several factors affect the rate at which heat will 
inactivate Salmonella. One of these is the strain of Salmonella that is present. For example, an unusually 
heat-resistant strain of Salmonella senftenherg ‘775W’ is about 10-20 times more resistant than an average 
strain of Salmonella sp. (Henry et a l, 1969). This strain of Salmonella is unique and, hence, a laboratory 
curiosity time-temperature treatments for inactivating Salmonella in foods^such as eggs^ cannot be based 
on such an atypical organism. Salmonella enteritidis is much less heat resistant and can be destroyed by 
conventional pasteurization treatment. With milk, it is generally agreed that pasteurization at 71.7°C for 
15 seconds will destroy normal levels of S. enteritidis. In poultry meat or similar products, the Department
of Health advised a heat treatment of at least 70°C for 2 min or equivalent to ensure the destruction of 
Salmonella. Generally, D-values (i.e., the time at a specified temperature necessary to inactivate 90% of 
the population) in foods range between 0.5 to 2 min at 60°C depending upon strain and substrate.
However, thermal inactivation can sometimes be detrimental to food quality and aesthetic appearance, 
thus there is considerable interest in reducing heat treatments to the minimum necessary to guarantee 
safety. Other processes such as irradiation or hydrostatic pressure are used in some circumstances to 
reduce thermal processing or minimal processing as it is known today (Ohlsson, 1994).
2.0 Thermal inactivation of Salmonella enteritidis PT4 In emulsion foods
2.1 Effect of high temperatures
Temperature is probably the most important environmental factor affecting the growth and viability of 
microorganisms. Temperatures above the maximum for growth of a particular organism are lethal for that 
organism; the higher the temperature the more rapid the loss of viability. However, the death rate 
observed depends on a number of factors that can be controlled, and others, characteristic of the 
organism that cannot always be explained.
As the temperature increases above that at which growth of microorganisms ceases, injury and, 
inevitably, death occurs. At higher temperatures, a homogeneous population of a pure culture will begin 
to decrease with time due to death of individual cells. While exceptions have been noted, it is well 
established that the rate of death is essentially logarithmic (Chick, 1910 and Smith, 1921), which makes 
it possible to develop heat processes that will assure the desired destructive effect against particular 
microorganisms. The generally accepted view is that thermal death is a first order process, this is to say, 
that at a given lethal temperature, the rate of death depends upon the number of viable cells present. This 
can be expressed mathematically as:
dN f dt = -cN
where dA^  / dr is the rate of death, N is the number of viable cells present and c is a proportionality 
constant. The minus sign indicates that A is decreasing. To acquire information about the number of cells 
surviving after different periods of heating, the equation can be integrated between time zero and time t 
to give:
loge (N/No) = -ct
or
1 0
N  = Nae
where N and No are the numbers of viable cells present at times t and 0 respectively. This equation is 
more convenient when expressed in terms of logarithms to the base 10:
logio(N/A^) = -kt
where k  =c/logelO = c/2.303
From this equation, a plot of the log of the number of surviving cells at a given temperature against time, 
should give a straight line with a negative slope k. A typical bacterial “survival curve” showing 
logarithmic (or exponential) destmction is illustrated in Figure 2.1.
From such a curve the decimal reduction time or D-value may be determined, being the time in minutes 
required to destroy 90% of the population of cells. The straight line of Figure 2.1 theoretically extends 
below the baseline shown, eventually into the area of negative logarithms, although the population will 
never be reduced to zero.
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Figure 2.1 Graphical illustration of decimal reduction time D
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Smith, (1921) showed that a log-linear death curve could be obtained with a chemical stress applied to 
bacterial spores as opposed to heat. He found that the disinfection of anthrax spores with phenol also 
followed a first order reaction.
Deviations from log-linear behaviw have often been observed (Figure 2.2). These deviations can 
sometimes be rationalized on the basis of some special property of the organism. For example, a lag 
phase may represent the presence of clumps of cells, all of which require to be inactivated before that 
colony forming unit is destroyed. This phenomenon can be seen as a ‘shoulder’ on a log linear death 
curve plot. Frequently observed ‘tailing’ may be due to a small population of cells that possess greater 
heat resistance than others. It may also be an artefact of the experimental procedure used.
Log survivors
‘Shoulder’
‘Tailing’
0
Time0
Figure 2.2 Deviation from log-linear death kinetics (Adams & Moss, 1995)
2.2 Factors influencing the heat resistance of bacteria
Certain factors are known to influence the heat resistance of bacterial cells and must be kept in mind 
when organisms and the effect of different heat treatments are compared. Bacterial spores are usually 
more j> resistant to heat than vegetative cells. Some bacterial spores are capable of surviving for 
several minutes at 120°C and for several hours at 100°C, whilst most vegetative cells, yeasts and moulds 
are killed within seconds or minutes at temperatures between 70 and 80°C. The heat sensitivity of the
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vegetative cells of bacteria also varies widely with the species. Generally Gram-positives are more heat 
resistant than Gram-negatives; and psychotrophs are less heat resistant than mesophiles, which are less 
resistant than thermophiles (Adams & Moss, 1995). Cocci are usually more resistant than rods, although 
there are many notable exceptions.
The temperature time relationship is one of these important factors. The time for killing cells under a 
given set of conditions decreases as the temperature is increased. Bigelow & Esty (1920) compared the 
times required to kill 115,000 flat sour bacterial spores at different temperatures. It took 1,200 min. to 
kill all 115,000 spores at 100°C and 1 min at 135°C in 1 ml of com juice at pH 6.1. The initial cell 
concentration also greatly affects the heat treatment necessary to kill them all. The greater number of 
cells present, the greater the heat treatment necessary to kill all the cells, be it an increase in time or an 
increase in temperature.
Conditions under which cells have been grown prior to heat treatment will also influence their resistance 
to heat. Nutrient conditions may increase or decrease resistance to heat (Curran, 1935), but the variable 
effects of different components in a growth medium make it impossible to generalize. The temperature at 
which bacteria are grown markedly affects their resistance to heat. Humphrey, (1990) measured the 
influence of storage temperatures on the heat resistance of Salmonella enteritidis PT4 in homogenized 
and whole eggs stored at 4, 8 and 37°C. He concluded that eggs stored at low temperatures were more 
sensitive to heat than those stored at 37 °C prior to heating, emphasizing the need for storage of eggs at 
refrigerated temperatures prior to cooking.
The heat resistance of vegetative cells varies with the stage of growth. Bacterial cells show their greatest 
resistance during their stationary phase of growth and are less resistant to heat when in their log phase 
(Frazier and Westhoff, 1988).
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The physicochemical nature of the menstruum in which bacterial cells are heated profoundly influences 
their resistance to heat. Those important in food media include pH, aw, salts, carbohydrates, proteins and 
fats. Thermal resistance generally is greatest between about pH 6.0 and pH 8.0. Differences within this 
range are usually small, while above a pH of 8.0 and below a pH of 6.0 resistance decreases. There are 
exceptions however: the heat resistance of several serotypes of Salmonella in liquid and whole egg was 
found to decrease with an increase in pH from 5.5 to 8.5 (Anellis et al., 1954).
Reduced water activity, as occurs in concentrated and dried foods, greatly increases the heat resistance of 
bacterial cells. This is reflected in the higher pasteurization conditions required for more concentrated 
products such as ice cream mix containing high levels of sugar and fat. Evidence of increased sugar 
concentration and the increased heat resistance of Salmonellas was identified by Corry, (1974). She 
found that the heat resistance of 3 strains of Salmonella at 65 °C, in solutions of sugars with increasing 
concentration % (w/w), was greatly enhanced. The Dgg-value of Salmonella typhimurium increased from 
7 min in a 48% (w/w) concentration of sucrose to 32 min in a 66% (w/w) solution, corresponding to a 
decrease in aw from 0.95 to 0.85 respectively.
Certain salts will profoundly affect the heat resistance of bacteria. Calhoun and Frazier (1966) showed 
that the addition of sodium chloride (NaCl) to the heating menstruum increased the heat resistance of 
Escherichia coli and Salmonella orianenherg. They suggested that this protective effect could be due to 
the decrease in aw by the salt.
The presence of fat in the heating menstruum has been reported to affect the thermal resistance of 
microorganisms to heat. Senhaji & Loncin (1977) studied the effect of soya oil on the heat resistance of 
Bacillus subtilis spores and vegetative cells of Pseudomonas fluorescens in both a single oil phase and a 
water/oil phase mixture. They concluded that the cells were entirely enclosed within the oil droplets in 
both the oil phases used. This had the effect of lowering the aw of the surrounding environment thus 
reducing their sensitivity to heat.
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Thermal inactivation studies of bacteria in foods containing fat, especially emulsion foods including 
milk, chocolate milk (Bradshaw et al., 1987; D’Aoust et al., 1987), cream (D’Aoust et al., 1961) and 
liquid egg products (Schuman et al., 1997; Humphrey et al., 1990 and Palumbo et al., 1995), have been 
conducted following several food poisoning outbreaks.
The purpose of these studies was to determine the effectiveness of the pasteurization process that had 
been applied. Although they found that some strains in certain conditions could survive higher 
temperatures, they failed to mention any influence of food constituents, such as protein or fat on the heat 
resistance of the bacteria. However, other authors have mentioned the possible effects of fat, on the heat 
resistance of cells. Warburton et ah, (1993) studied the survival of Salmonella sp. in homemade 
chocolate egg liqueur and found that an increase in survival of cells was observed due to the presence of 
fat contained in the eggs, milk and cream constituents. Similar observations were recorded by Bradshaw 
et a l, (1987) following studies on the thermal resistance of Listeria monocytogenes in milk and cream. 
He found that as the percentage of fat increased in the different milks and creams a slight increase in the 
D-values at 58°C also occurred.
Other products containing fat, including canned foods, have also been investigated by authors in this 
respect. Bartlett and Kine (1913) and Lang (1935) reported that microorganisms were more resistant in a 
medium containing fat or oil. Ahamed et al, (1995) studied the effects of fat levels on the survival of 
Escherichia coli 0157:H7 heated in ground beef, pork sausage, chicken and turkey meat with fat levels 
ranging from 3% to 30%. Overall it was found that higher fat levels in all products resulted in higher D- 
values at 60°C.
In contrast, some authors report that the presence of fat in the heating menstruum has no influence on the 
survival of microorganisms (Nichols, 1940). D’Aoust et a l, (1961) studied the thermal inactivation of 
Corynehacterium diphtheriae suspended in milk, cream, milk chocolate and ice cream mix. Although the
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highest D52-value was recorded in ice cream mix containing 40% fat, milk, chocolate milk and cream 
offered decreasing amounts of protection in that order.
The growth and thermal resistance of Pseudomonas fragi in milk containing various amounts of fat was 
measured by Leudecke & Harmon (1966). They discovered that those cells grown in milk containing 
10% fat were substantially more heat resistant than those grown in skim milk or cream regardless of 
whether the cells were heated in cream or in skim milk. The many reports regarding the influence of fat 
on the survival of microorganisms give contrasting and varied results. Hence, further investigation to 
confirm the influence of fat is required.
2.3 Sublethal injury
2.3.1 injury
Exposure of a microorganism to sublethal heat can result in a loss of its ability to display normal growth 
under conditions that are sufficient for normal cells. A sublethally injured microorganism may be unable 
to grow on a defined medium unless certain complex nutrients are added to that medium. Sublethal injury 
may also be observed by the inability of the microorganism to grow in a selective medium that has no 
apparent inhibitory action on the cells that have not been exposed to injury or stress. An extended lag 
phase may also be observed as a result of sublethal injury (Alexandrou et al., 1995; Busta, 1978), 
resulting in slow growth and accumulation of end products by the cells.
Injured cells may be injured at different sites such as the cell wall, the cell’s membrane and the ribosome 
(Hurst, 1977). Leakage of cellular material may also occur as well as modifications of macromolecules 
within the cell. Figure 2.3 illustrates how heated cells are killed when a key lethal target site is 
inactivated beyond repair (®). However, at the same time other, less critical, sites are also being 
inactivated, so cells surviving heating, because their key lethal target site remains intact, have 
nevertheless lost a fraction of their secondary, less critical, sites. In a nutritionally complete medium the
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cell could grow, but in a selective medium where the injury site would be important for cell growth , it 
may be unable to grow (Gould, 1989).
2.3.2 Cellular sites affected by thermal injury
Thermal injury is known to affect many cell components including membranes, cell walls, ribosomal 
nucleic acids (RNA), proteins, deoxyribonucleic acid (DNA) and plasmids. (Postgate 1967; Hurst 1977; 
Rosenthal & landolo, 1970; Sedgwick et a l, 1972; Gould, 1989). However, the sequence of damaging 
events during heating and the way these cause cell death are not well understood (Tomlins and Ordal, 
1976).
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Hgme 2.3 Theoretical basis of injury (Gould, 1989)
2.3.2.1 Cytoplasmic membrane
The bacterial cytoplasmic membrane is a delicate, semi-permeable structure which is situated beneath 
the cell wall, and is lipoprotein in nature. The cytoplasmic membrane of Gram-negative bacteria, is 
approximately 6-9 nm thick and is responsible for maintaining a permeability barrier, controlling the
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passage of solutes in and out of the cell. Methods for detecting membrane damage thus involve either the 
measurement of intracellular materials released from the cells, (amino acids, K'*’, Mg^ "^  and phosphate 
ions), or the penetration of substances normally excluded from an undamaged cytoplasmic membrane 
(Allwood and Russell, 1970).
It was suggested by Mitchell (1951) that the osmotic barrier of bacterial cells may be damaged by heat 
treatment, linking the loss of viability and the loss of small molecules from the cell, as a result of 
cytoplasmic membrane damage. There is little evidence to link membrane damage as a primary site for 
thermal injury. However, loss of the functional integrity of the membrane may be an important factor in 
the ability of the cell to recover from injury (Allwood & Russell, 1970).
2.3.2.2 Cell walls
The cell wall maintains the shape and rigidity of the cell and protects the cell from osmotic lysis. 
However, there is no evidence that it plays a role in protecting the cell from heat (Gray and Postgate, 
1976).
Lennox (1960) concluded that, because boiled cells retained their cell wall antigenicity, the cell walls of 
Gram-negative bacteria were unaffected by high temperatures. Shaklovski (1965) compared the heat 
resistance of L-forms of Gram-negative bacteria and whole cells and found the L-forms to be less heat 
resistant indicating that the wall does have a protective role. At temperatures between 50° C to 60°C, cell 
wall injury is either negligible or non-existent and it is unlikely that thermal induced injury and hence 
cell death occurs as a result of cell wall damage (Allwood and Russell, 1970).
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2.3.2.3 Ribosomes and ribonucleic acid (RNA)
The ribosome of prokaryotic cells is composed by two ribosomal subunits, 30S and 50S. The larger 50S 
subunit consists of one 23S rRNA molecule and one 5 S molecule. The smaller 30S subunit consists of 
one 16S rRNA molecule (Gould, 1989). DNA is transcribed into m RNA which is translated on the 
ribosome into the proteins essential for cell growth.
Strange & Shon (1964) investigated the effect of heating at 47°C on the viability and breakdown of RNA 
in Aerobacter aerogenes. RNA degradation was shown to precede loss of viability, and they concluded 
that RNA damage was not the primary cause of death at this temperature. The primary cause was 
suggested to be the loss of Mg^ '*' and ribosomal damage was the consequence of this. Mg^ "^  is required for 
ribosome integrity and was also found to inhibit ribonuclease; hence, the possibility that a ribonuclease 
was responsible for ribosomal damage. Hurst & Huges (1978) proved that the degradation of 30S 
ribosomal sub units during mild heating occurred in Staphylococcus aureus and that this degradation also 
occurred with the loss of Mg^^‘. They therefore argued that ribosome destruction resulted from the loss of 
Mg^^ by leakage from the membrane damaged heated cells.
The hydrolysis of RNA and degradation of ribosomes clearly accompanies or follows mild heating, but is 
probably not a key lethal event (Gould, 1989).
2.3.2A Deoxyrlbose nucleic acid (DNA)
The dénaturation of double stranded DNA was suggested to occur due to the collapse of the hydrogen 
bonded, double helical structure (Szybalski, 1967). This resulted from the production of single strand 
breaks in DNA from Escherichia coli cells heated at 52°C which was proposed by Bridges et al., (1969a) 
to be the primary lethal event in the thermal inactivation of mesophilic bacteria. Many other authors have 
reported that double stranded breaks also occur in vegetative cells (Gomez & Sinskey, 1973, Pierson et
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al., 1978; Andrew & Greaves 1978). These breaks can be produced by direct action or by the 
acceleration of endogenous nucleases so that damage occurs after heating (Sedgwick & Bridges, 1972).
2.3.2.S Proteins
Substrates and coenzymes have the ability to protect enzymes against thermal dénaturation (Burton, 
1951). Boyer et a l, (1946) reported that short and medium chain fatty acids were able protect some 
proteins against thermal dénaturation. However, mild heating inactivates many functional enzymes of E. 
coli and Salmonella typhimurium, with dehydrogenases being particularly heat sensitive. Some enzymes 
are more thermotolerant than others, and, consequently, the site of an enzyme in the cell may play at least 
a part in determining its inactivation by heat (Allwood & Russell, 1970).
Enzymatic activity returns during the repair period as cells can retain the ability to re-synthesize these 
enzymes when the bacteria are transferred to a recovery medium. Coagulation of structural protein is also 
mentioned as being the cause of death in heated bacteria, although loss of a cell’s viability would appear 
to occur before protein coagulation can be found (Allwood and Russell, 1970).
2.3.3 Enumeration of Injured microorganisms
The death of a microorganism can be discovered retrospectively by its inability to reproduce, when 
suitable conditions for reproduction are provided (Postgate, 1976). Chemical and morphological changes 
that cells undergo after being heated cannot be used as a measure of the heat resistance or injury of 
microorganisms as the majority are dead by the time these changes are noted. (Hansen & Reimann, 
1963).
The most widely used methods for evaluating injury is the observation of increased or new sensitivities 
to selective agents, antimicrobials and defined or complex growth media (Busta, 1978). The degree of
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injury to populations of microorganisms can be measured by the differences in counts on selective and 
non-selective agars. Non-selective agars allow the growth of injured and non-injured cells, whilst 
selective agars only allow the growth of uninjured cells.
Another measure of cell injury is the use of electrical impedance. A prolonged lag phase, a characteristic 
of injured cells, can delay production of an electrical signal from a population of cells and hence cause a 
measurable extension of detection time. (Alexandrou et a l, 1995) (see Chapter 6).
2.4 Minimal processing of emulsion foods
The term ‘minimal processing’ covers a wide range of technologies and techniques used to preserve 
foods during transport from production to the consumer. Minimal processing includes all processing 
procedures that change the inherent fresh-like quality attributes of the food as little as possible 
(minimally) but at the same time ensuring the safety of the food product (Parry, 1993; Day, 1993). 
Consumer demand for more natural and more fresh-like products is evident from reviews of new 
products in the UK (Ohlsson, 1994). Long shelf life is no longer a crucial marketing point, therefore 
preservation techniques that prolong shelf life but do not have a detrimental effect on the quality 
attributes of the product are in favour in this market.
In particular there is interest in mild heat-treatment methods which avoid temperatures that result in 
thermally induced quality losses. Temperature differences of 5°C can have dramatic influences on liquid 
losses in a number of foods (Reddy et a l, 1992). With the help of modem technology and control 
methods, mild heat treatments that combine these demands have been developed.
However, minimal processing of food products, coupled with the traditional dairy technique of 
subjecting milk and milk products to sub-pasteurization temperatures to reduce the psychrophilic 
population, while still preserving the native enzymes important in many dairy foods, gives cause for
2 1
concern. The trend to reduce heat treatments and the possibility that the presence of fat in food products 
could protect bacterial cells from the effects of heat could clearly continue to pose an increased public 
health risk in such foods.
2.5 Aims of this chapter
The aim of this initial chapter is to study the thermal inactivation and injury of Salmonella enteritidis 
PT4 in the emulsion foods, milk and cream, and to identify any influences of milkfat/oil on the heat 
resistance of this foodbome pathogen.
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2.6 Materials and methods
2.6.1 Strain identification
Salmonella enteritidis PT4 167807 was obtained from the Division of Enteric Pathogens, Central
Public Health Laboratory, Colindale and was confirmed using the following biochemical methods:
-Gram stain; appearance was of Gram-negative short rods 
-positive catalase test 
-negative oxidase test 
-positive motility
-Salmonella Rapid Test(SRT)(Oxoid); Briefly, the inoculation of the SRT vessel containing 
two tubes with selective medium in each, with Salmonella in a 1 in 10 dilution in buffered peptone 
water (Oxoid), was carried out. Tube A contained modified Rappaport- Vassiliadis Medium and Lysine 
Iron Cystine Neutral Red Medium as the indicator and tube B contained Lysine Iron Deoxycholate as 
the selective medium and modified Brilliant Green medium as the indicator. The inoculated vessel 
was then incubated at 41°C for 24 h. Salmonellas migrated actively through the lower selective media 
to the upper indicator media where their presence was indicated by a colour change. Both tubes A and 
B turned black, indicating a positive result for the presence of Salmonellas.
2.6.2 Storage of aii bacterial strains
All bacteria were stored on beads (‘Protect’, Technical Service Consultants Ltd.) at - 80°C. Twenty 
beads came in pre-prepared, sterile vials containing cryoprotective fluid. A loopful of fresh culture was 
inoculated into the vial liquid vortexed and the excess liquid was removed with a pipette and stored at 
- 80°C.
Bacteria were recovered by the removal of two beads from the vial under aseptic conditions and 
dropped into 10 ml of Nutrient Broth(Oxoid) and incubated for 18 h at 37°C.
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2.6.3 Thermal inactivation of Salmonella enteritidis
1 ml of Salmonella enteritidis culture (see 2.6.2) was inoculated into 50 ml of UHT virtually fat free 
milk and incubated shaking at 37°C to stationary growth phase for 18 h. Two ml of this was transferred 
to a conical flask, capped with a non-absorbent cotton wool, containing 38 ml of fresh sterile UHT 
virtually fat free milk pre-heated to 55.0°C, in a circulating waterbath, equipped with a calibrated 
temperature control module accurate to ± 0.05°C (Model DCl, Haake, Inc., Germany). The capped 
flasks contents was continuously stirred using a sterile flea impelled by a 12 V d.c. motor (60 rpm), 
housed in a submersible plastic casing (Figure 2.4). The flask volume beneath the water line W43 
approximately 5 cm at all times. At timed intervals a 1 ml sample was removed from the flask, without 
touching the sides of the flask with the pipette tip, and serially diluted and vortexed in 9 ml of 
Maximum Recovery Diluent (MRD, Oxoid) containing 0.003% (v/v) Tween 80 (Sigma), to aid 
emulsion separation during dilution, pre-cooled between 4 and 8°C. Samples not diluted were 
immediately placed in sterile empty vessels also pre-cooled to this temperature. 0.1 ml of this diluted 
sample was then spread on Nutrient Agar (NA, Oxoid CM3) and Xylose Lysine Deoxycholate medium 
(XLD, Oxoid CM469). The plates were incubated at 37°C and enumerated after 48 h.
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55.0°c:
3
4
Figure 2.4 Thermal inactivation apparatus schematic. (1) thermostatically controlled water 
heater (Haake, DCl), (2) round lead weight, (3) flask contents lower than 
surrounding water level, (4) sterile flea, (5) submersible stirring mechanism.
Thermal inactivation was repeated three times with the same milk type with a fresh culture of 
Salmonella enteritidis. PT4. This whole procedure was then repeated using UHT half fat, full fat milks 
and UHT single cream.
2.6.4 Dss-value determination
Rates of thermal inactivation were determined for each inactivation procedure. Numbers of survivors, 
logio cfu/ml, were plotted against heating time to produce a ‘survivor curve’. The Dss-value was 
calculated by fitting a line of best fit (Microsoft Excel) and taking the reciprocal of the slope of that
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line. The coefficient of correlation, r ,^ the proportion of the variation in y accounted for by variation in 
X, was also calculated for each line fitted.
2.6.5 Determination of injury
To measure death and injury a differential plating technique was used, NA (non-selective) and XLD 
(selective agar) was used. Since both injured and uninjured cells can grow on NA whilst only uninjured 
cells can grow on and form visible colonies on XLD, due to the sensitivity to the ionic detergent 
deoxycholate which enhances membrane damage and membrane leakage caused by heat, the difference 
in the counts between these two different agars can be used to calculate the number of injured cells. 
From this the percentage of injured cells as calculated using the following equation:
% Injured cells = TCFU/mll NA - FCFU/mll XLD ^ jqq
[CFU/ml] NA
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2.7 Results
2.7.1 Dss-value determination
The survivor curves for Salmonella enteritidis PT4 suspended in UHT milks and cream produced non­
linear curves with distinct tailing (Figure 2.5). The length of the ‘tail’ for each curve seemed to be 
dependent on the amount of milkfat present in the heating menstruum. In general, as the percentage of 
milkfat increases from virtually fat fr ee milk to single cream the ‘tail’ section of the curve is increased in 
length. Linear regression analysis of this plotted survivor curve was used to calculate the Dss-value of S. 
enteritidis (Figure 2.6). From the line-of-best-fit the following Dss-values were calculated and given in 
Table 2.2.
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Figure 2.5 Heat survivor curve for S. enteritidis in UHT milks and cream at 55°C
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The times for successive log reductions were calculated from each survivor curve for S. enteritidis in 
each milk type and given in Table 2.1. From these tabulated results it can be seen that as the increase in 
milkfat occurs the subsequent time for successive log reductions also increases. For example, the time 
for a 5 log reduction at 55°C increases from 13.68 min in virtually fat free milk to 19.60 min in single
cream.
Table 2.1 Time taken (min) for successive log reductions of S. enteritidis in UHT milk and 
cream at 55°C
Time taken (min)
Number of log 
reductions
virtually fat free half fat full fat single cream
1 3.41 3.18 4.39 5.68
2 5.56 5.88 7.01 8.86
3 7.92 8.27 9.88 11.41
4 10.5 11.84 15.68 16.27
5 13.68 14.98 19.01 19.60
6 18.43 18.86 23.09 24.43
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Figure 2.6 Linear regression of survivor curve for S. enteritidis in milks and cream at 55°C
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It can be determined from table 2.2 that as the amount of milkfat is increased from 0.1%, 1.8%, 3.8% to 
18% respectively, the mean Dss-value also increases, from 2.83 min in virtually fat free milk to 4.59 min 
in single cream. The coefficient of correlation or ‘goodness-of-fit’ for the line-of-best-fit calculated, 
represented as the r  ^value, are all close to the figure of 1 or 100%, which represents the regression line 
passing through all points of the survivor curve. This shows that the Dss-values calculated from these 
points indicate that there is very little random variation. An exception to this can be observed with 
single cream where the coefficient of correlation calculated is 0.93. An extensive tail is observed with 
single cream in Figure 2.6 which suggests prolonged survival of S. enteritidis due to the increased 
concentration of milk fat and effect of microstructure on survival.
Table 2.2 Dss-values for S. enteritidis in UHT milks and cream
Heating menstruum:
Dss-value (0 - 20 min) 
Virtually fat free Half fat Full fat Single cream
Replicate:
1 2.83 2.80 3.63 5.33
2 2.95 3.60 3.78 3.67
3 2.73 2.61 3.68 4.69
mean 2.83 3.00 3.69 4.59
( Î  o -'S'h)
mean r  ^values 0.97 0.95 0.98 0.93
I Numbers in parenthesis indicate 95% confidence limit of the mean of 3 replicates of D.
2.7.2 Determination of percentage of injured ceiis
The difference in the number of Colony Forming Units (cfu) per ml of sample with those plated on NA 
and XLD was used to calculate the mean percentage of injured cells. The percentage of injured cfu/ml
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was then plotted against heating time (min) for each milk type and cream used and given in Figure 2.7. 
Initially the percentage of injured cells peaked to between 93 and 97% within five minutes of heating in 
all milks and cream. After this time the numbei. o f injured cells decreased until no detection is made on 
XLD agar. In single cream recoverable injured cells are detected up to 30 min after heating whilst 
detection in virtually fat free milk ceased within 15 min indicating an increase in injured rather than dead 
cells in a menstmm with a higher concentration of milk fat.
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Figure 2.7 Percentage injuiy o f S. enterUidis PT4 cells with heating time in UHT milks 
and cream
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2.8 Conclusion and summary
The presence of fat in the heating menstruum does influence the thermal inactivation of Salmonella 
enteritidis PT4 which agrees with the work recorded by Bradshaw et al., (1987) and Warburton et ah, 
(1993). The increase milkfat content in milk and cream causes a subsequent increase in D-value when 
heated at 55°C. The ‘tailing’ effect has been observed in survivor curves by many authors studying the 
survival of bacteria and bacterial spores in different heating media. The increase in milkfat content in 
milk and cream also appears to increase the ‘tailing’ observed in the survivor curves with the longest 
tails exhibited within single cream. This may indicate that a small population of cells are being 
‘protected’ from the effects of heat and are able to survive longer in a menstrum containing greater 
amounts of fat, or, that a small population of bacteria are less heat sensitive than the population as a 
whole. Cells present in the tail portion of survivor curves investigated by other authors were found not 
to be thermotolerant when heated (Fujikawa & Itoh, 1996; Humpheson et al., 1997).
Selective plating using XLD detected a population of injured cells surviving in single cream 15 min
K O
longer than in virtually fat free milk. The increase fat content in single cream during minimal heating
A
and suitable growth conditions for injured cells could enable the cells to recover and grow and become 
a potential hazard.
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3.0 Model emulsion systems and emulsion foods
3.1 Emulsions
The term emulsion has been given widely varying definitions (Becher, 1965), but, as a rule, most attempts 
have considered it as a dispersion of two liquids, one of which forms the aqueous part of the system. The 
phase which is present in the form of finely dispersed droplets is called the dispersed phase; the phase 
which forms the matrix in which these droplets are suspended is called the continuous phase.
The existence of two distinct types of emulsions was first pointed out by Wo. Ostwald (seeBancroft, 1913). 
This distinction consists in noting which component is the continuous and which is the dispersed phase. 
Thus, taking the classic case of an emulsion of oil and water, these may exist either in an oil-in-water or a 
water-in-oil emulsion.
@ Oil phase 
O Water phase
Oil-in-water emulsion, 
(e.g. milk, cream and 
mayonnaise)
Water-in-oil emulsion, 
(e.g. margarine and low 
fat spreads)
Figure 3.1 Systematic diagram showing phase separation in an oil-in-water and a water-in-oil emulsion
3.2 Emulsion formation
In the formation of emulsions, one of the two immiscible liquids is broken up into droplets that are 
dispersed in the second liquid. This dispersion of one of the liquids, which produces an enormous increase 
in the area of the interface between them, results in a correspondingly large increase in the interfacial free 
energy of the system.
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The emulsion produced is consequently highly unstable thermodynamically, relative to the two bulk 
liquids separated by a minimum interfacial area. It is for this reason that the two immiscible liquids, when 
pure, do not form a stable emulsion. In order to prepare a stable emulsion, substances must be added which 
have an influence on the interfacial properties by forming an energy barrier which prevents close contact 
between the emulsified droplets, and this prevents flocculation and coalescence. Some oils used in food 
emulsions, such as sunflower oil, possess slight emulsifying properties and can form emulsions with a very 
short shelf life.
3.3 Surfactant
Such a substance is a surfactant (a contraction of the term surface-active aggnr)(Figures 3.3 and 3.4). The 
function of the surfactant is to stabilize this basically unstable system for sufficient time so that it can 
perform some function. When present at low concentration in a system, it has the property of adsorbing 
onto the interfaces of the system (the boundary between any two phases), and altering the interfacial free 
energies of those interfaces.
Surface-active agents have a characteristic amphipathic molecular structure consisting of a structural group 
that has very little attraction for the solvent, the lyophobic group, together with a group that has a strong 
attraction for the solvent, the lyophillic group. This structure results in concentration of the surfactant at 
the liquid-liquid interface as an orient ed interfacial layer. This layer reduces the interfacial tension 
between the two liquids reducing the thermodynamic instability of the system resulting from the increase in 
the interfacial area between the two phases (Rosen, 1989). The interfacial film also decreases the rate of 
coalescence of the dispersed liquid particles by forming mechanical, steric, and/or electrical barriers 
around them. The steric and electrical barriers inhibit the close approach of one particle to another while 
the mechanical barrier increases the resistance of the dispersed particles to mechanical shock and prevents 
them from coalescing when they do collide (Dickinson & Stainsby, 1982).
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Reduction of the surface tension of water occurs due to the orientation of the molecule, with its 
hydrophilic group in the aqueous phase and its hydrophobic group orientated away from it as seen in Figure 
3.2.
Oil
B35
B35 B35
B35
Oilhydrocarbon
chains
Water
Figure 3.2 Schematic representation of steric hindrance of Brij 35 (B35) at the oil-water interface
The hydrophobic group is usually a long-chain hydrocarbon residue, and less often halogenated or 
oxygenated hydrocarbon; the hydrophilic group is an ionic or highly polar group. Depending on the nature 
of the hydrophilic group, surfactants can be classified into four different groups (Table 3.1)
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Table 3.1 Classification of surfactant type with nature of hydrophilic group
Type Surface-Active Charge Example
Anionic Surface-active portion 
of the molecule bears 
a negative charge.
soap
alkylbenzene
sulfonate
RCO 0  Na+ 
RC6H4SO3
Cationic Surface-active portion 
bears a positive charge.
salt of long 
chain amine
RNHs+Cr
Zwitterionic Both positive and 
negative charges 
may be present in 
the surface active 
portion.
long-chain 
amino acid.
sulfobetaine.
RN"H2CH2C0  0  
RN+(CH3)2 CH2 SO3
Non-ionic Surface active portion 
bears no apparent 
ionic charge.
monoglyceride RCO OCH2 CHOCH2OH 
of long chain 
fatty acid.
polyoxyethyl-
enated
alkylphenol.
RC6H4(OC2H4)xOH
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Tween 60
CH'
H —  Ç — O —  (C2H40)wH 
H(OC2H4)x ^ ^  H
O
H — C
H —  C — O — (C2H40)yH 
H 2— C — O — (C 2 H 4 0 ) z  — C — R
C17H35 chain
(C2H20)N + CgHioOs — C — R where N = 20 ethylene oxide units 
CôHioOs = sorbitan (loss of H2O) 
-OCR = fatty acid moiety 
w + x+y + z = N
Brii 35
(CH2CH2O) — (CH2CH2O) — (CH2CH2O )— (CH2CH2O)
C„H12-T125
Figure 3.3 Schematic representation of Tween 60 (polyoxyethyl sorbitan monostearate) top and Brij 35 
(polyoxyethyl lauryl ether) bottom. Courtesy of Sigma Chemical Co. (1996)
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Lecithin
N+(CH3)3
I
CH2
I
CH2
I
0
1
0  = P — O'
I
0
1
CH2 — CH — CH2
0  O
1 I
c= 0  0=0
=Ci2H25 - hydrocarbon chain
Figure 3.4 Schematic diagram of the zwitterion surfactant lecithin (phosphatidyl choline) 
Stryer, 1995
3.4 Emulsion stability
Emulsions are thermodynamically unstable, though they may show considerable kinetic stability. A system 
which may appear to be perfectly stable and possess a shelf-life of many years will, with time, become 
unstable. Over this time the number of oil droplets, their size and spafial arrangement are constantly 
changing (Dickinson & Stainsby, 1988). The initial processes leading to instability are creaming, 
flocculation and coalescence.
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Emulsions destabilize in many ways (Figure 3.5.), Sufficiently large droplets in an aqueous medium of low 
viscosity will cream. Creaming induces an inhomogenous distribution of oil droplets that continuously 
changes with time. Initially there is a concentration gradient, but later a distinct boundary may appear 
between an upper cream layer and a lower depleted emulsion. An oil droplet behaves hydrodynamically 
like a sphere. So, its creaming rate in a dilute emulsion can be described using Stokes’ Law. The terminal 
velocity at which a sphere will rise or fall in a liquid varies as the square of its diameter:
V = d^ad-lclg 
18n
where,
V = particle velocity
d = particle diameter
Id = discreter phase density
Ic = continuous phase density
g = centrifugal force
n = continuous phase viscosity
For example, an oil globule with a diameter of 2 microns will rise four times faster than an oil globule with 
a diameter of 1 micron. Stokes’ Law therefore indicates that a stable emulsion is one which possesses oil 
droplets as small as is practicable. Creaming in itself does not destabilize an emulsion, but the high 
concentration of oil droplets in the upper creamed layer promotes flocculation, aggregation or coalescence.
Instability during formulation of an emulsion occurs if there is insufficient surfactant to cover the oil-water 
interface during émulsification. Adsorbing surfactant will spread to cover the maximum area, but if there 
are gaps in the interfacial layer, oil droplets will coalesce (Fang & Dalgleish, 1993).
Aggregation and flocculation of the oil droplets in an emulsion occurs due to the inability of the adsorbed 
surfactant layer to inhibit the close approach of the oil droplets (Dickinson & Stainsby, 1982). Although 
the two terms are similar, flocculation j s  generally rcg^d^d^s being weaker than aggregation, because
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even in the combined state the oil droplets are further away from each other than when aggregated. 
Flocculation is therefore reversible by stirring or shaking. Bridging flocculation may occur when 
insufficient surfactant is present and the surfactant molecule adsorbs onto two different droplets. This may 
occur between oil droplets in milk due to the bridging of the surfactant micelle casein or in a food emulsion 
where a single protein is present.
Oil droplets tend to aggregate due to inter-atomic forces, but aggregation is opposed by the repulsive 
charge interactions (or enhanced by attractive charge interactions), which arise from adsorbed material. A 
stable emulsion will have a charge that is high enough to prevent close approach of the suspended droplets 
(Dalgleish, 1997).
Although aggregation is mainly irreversible, and flocculation may be reversed, both increase the diameters 
of the oil droplets and cause creaming. Coalescence may subsequently occur between the individual 
droplets because they are close together, either in a flocculated or aggregated bulk after creaming. 
Coalescence is a process in which two oil droplets combine to form a single droplet. This combining of oil 
droplets, if the viscosity is reasonably low, is a rapid and irreversible process. However, emulsions with a 
highly viscous (e.g. partially crystalline) oil phase combine very slowly, partially coalesce (Friberg, 1976) 
and may even be dismpted again if the fusion process is interrupted (for example, due to dilution).
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Oil droplets in an emulsion may :
A
6
Cream
Possibly leading to either:
Flocculate - (reversible)
æ
Aggregate - (irreversible)
O o O o
------- ►
Creaming
and/or
Coalescence
Flocculate by bridging 
(irreversible)
Figure 3.5 Schematic process of instability in oil-in-water emulsions
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3.5 Dispersed phase
Oils and fats are mixtures of triglycerides. A triglyceride is formed by estérification of glycerol (1,2,3- 
propane triol) by three fatty acids to form a triglyceride (1,2,3-propane triol triester), (Figure 3.6).
CHoOH
CHOH
CH2OH
glycerol (1,2,3-propane triol)
C H 2 O C O  R i
C H  O C O  R ,
C H 2  O C O  R 3 triglyceride
(1,2,3-propane triol triester).
Figure 3.6 Formation of a triglyceride molecule by estérification. Where R is a long chain hydrocarbon 
such
as those of fatty acids (Volhardt, 1987).
A simple triglyceride is one in which all the fatty acids are identical. More common forms are the mixed
triglycerides in which two or three different fatty acids are present in the molecule. Fatty acids may be
unsaturated, containing double bonds, or saturated, containing no double bonds. Sunflower oil contains
linoleic acid which possesses two double bonds, known as polyunsaturation (Lawson, 1994). Because of
the presence of double bonds, unsaturated fatty acids are more reactive chemically than saturated fatty
u
acids. Linoleic acid in sunflower oil can undergo oxidation which produces rancid odours and flavors.
A
The degree of oxidation is usually achieved by measuring the amount of oxygen absorbed or the changes in 
peroxide value of a given weight of fat. The changes are relatively slow during the initial phase of 
oxidation and occur at more or less uniform rate, known as the induction period. After a certain amount of 
oxidation the reaction reaches a second phase in which oxidation may occur at a very rapid rate as fats and 
oils develop rancid flavours and odours. This rapid phase of oxidation is known as the free-radical phase 
and includes three stages of reactions simplified over:
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1. Initiation: The fat molecules form fatty free radicals (*) in the presence of initiators such as ultra violet 
light and heat.
R H  
Fat molecule
2. Propagation:
Initiators R* + H* 
Fatty free radical
R' + Oz 
ROO' + RH
ROO*
-► Peroxide free radical
4. ROOH + R- 
Hydroperoxide
The decomposition of hydroperoxides leads to the formation of a wide variety of aldehydes, ketones and 
hydrocarbons. These materials are responsible for the rancid odours and flavours.
3. Termination of the oxidation chain reaction occurs if the fatty free radicals are deactivated or destroyed.
It is essential in the formation of emulsions that oxidative rancidity of the dispersed oil phase is reduced or 
inhibited by antioxidants. Ensuring that fresh, non-oxidized, oils are used in the production of emulsions 
ensures that only very low amounts of hydroperoxides are present.
3.6 Choice of surfactant
Three surfactants were chosen as suitable emulsifiers for the production of model emulsion systems. These 
were chosen on the combination of assessing functional properties associated with the Bancroft rule (see 
3.6.1) and the hydrophile-lipophile balance (HLB) (see 3.6.2). Availability, cost and practicality were also 
taken into consideration when determining suitable surfactants.
Two surfactants, both non-ionic, were chosen for the manufacture of two model systems for study, Brij 35 
(polyoxyethyl lauryl ester) as used by Brocklehurst et al., (1995) and Tween 60 (poloxyethylsorbitan
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monostearate) Figure 3.3. The food-grade non-ionic surfactant, Tween 60 (Petrowski, 1975), was used as a 
comparison to the non-food grade surfactant Brij 35. A third naturally occurring food grade surfactant, 
lecithin (phosphatidyl choline), a zwitterion, was also used. Figure 3.4.
3.6.1 Bancroft rule
The first theory (Bancroft, 1913) for predicting the formation of oil-in-water or water-in-oil emulsions was 
the so-called Bancroft rule, which states that the phase in which the emulsifying agent is more soluble will 
be the continuous phase. Therefore, a surfactant that is soluble in water will be a suitable surfactant for an 
oil-in-water emulsion.
Both Brij 35 and Tween 60 are readily soluble in the aqueous phase of the emulsion producing clear 
suspensions. Lecithin, although soluble in water, produced a stable milky like suspension.
3.6.2 Hydrophile-lipophile balance
It has long been recognized that the efficiency of a surfactant was related to the polarity of the molecule, 
i.e., the relation between the contribution of the polar hydrophilic head and the lipophilic (hydrophobic) 
tail. Griffin (1949) found it possible to define this polarity for nonionic surfactants, in terms of an empirical 
quantity which he called the hydrophile-lipophile balance, or HLB number. This is represented by an 
arbitrary scale, in which the least hydrophilic surfactants have low HLB numbers, and increasing HLB 
corresponds to increasingly hydrophilic nature. Broadly, these HLB numbers can be used to characterize 
the applicability of a particular surfactant as given in Table 3.2.
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Table 3.2 HLB ranges and applications
Range Application
3 - 6 W/O emulsifier
7 -9 Wetting agent
8 -1 5 0/W  emulsifier
13-15 Detergent
15-18 Solubilizer
Therefore, a surfactant with a HLB value greater than 7 forms a water continuous emulsion, whereas a 
surfactant with a HLB number lower than 7 forms an oil continuous emulsion. Griffin showed that in many 
cases the HLB number can be calculated from composition data, using the following equation:
HLB= 2 0 (1 -S/A)
where S is the saponification number of the ester and A is the acid number of the fatty acid. For example, 
glyceryl monostearate has S = 161, A = 198; hence its HLB is 3.8. This method, however, can only be used 
for a homologous series of esters of a polyvalent alcohol and fatty acids, for example, monoglycerides, 
sorbitan esters and other nonionic surfactants. (Friberg, 1976). A rough estimate of HLB can be made on 
the basis of water solubility or dispersity. For example, no dispersibility in water 1 -4 ;  poor dispersion 3 - 
6, unstable milky dispersion 6 - 8 ;  stable milky dispersion 8 - 10; translucent to clear 10 - 13 and a clear 
solution 13 +, (Griffin, 1949).
Brij 35 and Tween 60 possess some of the highest HLB numbers from available data, 16.9 and 14.9 
respectively, (Griffin 1949). Data for the zwitterion lecithin was not listed, although comparing 
dispersibility in water (above), gives a rough HLB number between 8 and 10.
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3.7 Aims of this chapter
In this chapter we describe the formation of a range of model emulsion systems comprising sunflower oil or 
hexadecane in a nutritious water base stabilized with three different surfactants to be used in further heat 
challenge investigations. These model emulsions were characterized using dispersed phase droplet sizing 
apparatus and a dispersed phase extraction technique and compared with samples of UHT milk. 
Examination of the emulsions^s also carried out under light microscopy and scanning electron microscopy. 
The stability of the model emulsions at heat challenge temperatures of 55°C was also investigated.
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3.8 Materials and methods
3.8.1 Miik Samples
Ultra heat treated (UHT) virtually fat free (skimmed), half fat (semi-skimmed) and whole milk (full fat) and 
single cream were obtained from a local supermarket chain. The milk and cream were removed from their 
containers and transferred aseptically into sterile media bottles (Duran) for storage.
3.8.2 Model food emulsion systems
3.8.2.1 Formulation of model food emulsions
Unless otherwise indicated in the accompanying text, all model food oil-in-water emulsion aqueous phases, 
sterile control and inoculated, were made according to the following formulation:
1.3% (w/w) nutrient broth (Oxoid)
0.3% (w/w) yeast extract (Oxoid)
1.0% (w/w) D+ glucose (Oxoid)
Final mixture:nutrient broth, yeast and glucose (NBYG)
The oil phase formulations for all model food oil-in-water emulsions were as follows:
5, 10, 15, 20 and 30% (v/v) n-hexadecane (Sigma)
5, 10,15, 20 and 30% (v/v) sunflower oil (J Sainsbury’s)
3.8.2.2 Production of model food emulsions
The aqueous phase solutes were dissolved in distilled water at room temperature using a magnetic stirrer. 
The pH of the solutions was adjusted to pH 7.0 with either the addition of IM hydrochloric acid or IM 
sodium hydroxide. The aqueous solutions were then sterilized by autoclaving. Both oil phases, assumed to 
be free of any microorganisms, were added to the aqueous phase along with the required surfactant type at 
the point of blending. The three types of surfactant used were:
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0.6% (v/v) polyoxyethyl lauryl ether (Brij 35, Pierce and Warriner, 30% solution in water)
1.2% (v/v) polyoxyethyl sorbitan monostearate (Tween 60, Sigma)
2.4% (v/v) phosphatidyl choline (lecithin. Sigma)
The unmixed emulsion ingredients were held at 55°C in a water bath prior to blending to decrease the 
viscosity of the oil phase (Shinoda & Saito, 1968). All oil-in-water emulsions were produced in a 100ml 
sterile blending pot with lid (Waring) powered by a electric blending motor (Atomix). Emulsions were 
blended following a shear cycle of 60 seconds on high speed, 5 seconds rest and inversion of the pot to 
collect any unmixed material on the lid, and a further 60 seconds blending on low speed. Emulsions were 
transferred into sterile containers for storage at room temperature.
3.8.2.3 Emulsion stability and minimum surfactant determination
An unstable emulsion will separate into a lower aqueous layer and an upper creamed dispersed layer. This 
knowledge was used to develop a simple method to determine the minimum concentration of surfactant 
required to produce a stable emulsion by observing the creaming of emulsions. The concentration of 
surfactant used in the emulsions was determined by producing a 10 and 20% (v/v) hexadecane-in-water 
emulsion and observing stability over a period of time.
Briefly, 50 ml of emulsion of known surfactant concentration was placed into a capped sterile tube at 37°C. 
Over a period of 5 days the sample was observed for signs of creaming and phase separation. In this case, 
creaming indicates cbalc^ccnde.. of oil droplets due to an insufficient amount of surfactant used, (Plate 3.2). 
The concentration of surfactant added when forming the emulsion was then adjusted to yield a stable model 
food emulsion. This concentration of surfactant was then used for the whole range of emulsions from 5% to 
20% (v/v) irrespective of the concentration of oil phase added.
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Further investigation into the stability of chosen surfactant concentration in the model emulsions and their 
direct comparison to commercial homogenized UHT milk was made by microscopic examination. A sample 
from each UHT milk and cream and from 5 to 20% hexadecane-in-NBYG (Brij 35 stabilized) emulsion was 
prepared for analysis using the following method:
A single drop of the emulsion to be examined was placed onto a glass slide and a single drop of oil-red-O 
stain (Sigma) was added. The two were mixed gently as not to create any air bubbles. This mixture was then 
covered with a coverslip and allowed to stand at room temperature for 30 minutes to allow movement of the 
oil droplets to subside. The samples were then viewed at 400 and 1000 magnification under a Leitz Wetzlar 
microscope fitted with a camera attachment.
3.8.2A Peroxide vaiue
The peroxide value is a measure of the peroxides or hydroperoxides (ROOH) produced by autoxidation of 
free fatty acids within oils and fats. In general, the greater the degree of unsaturation (the higher the iodine 
value) the greater is the liability of the fat to oxidative rancidity. When the concentration of peroxides 
reaches a certain level, complex chemical changes occur and volatile products are formed which are mainly 
responsible for the rancid odour and taste.
The peroxide value is usually determined volumetrically by methods developed by Lea (see Mehlenbacher, 
1960). These depend on the reaction of potassium iodide in acid solution with the bound oxygen followed 
by titration of the liberated iodine with sodium thiosulphate (Mehlenbacher, 1960). For this a 1 to 4g sample 
of sunflower oil (M) was accurately weighed into a dry stoppered conical flask. 10 ml of chloroform was 
added and swirled to dissolve the oil and 15 ml of acetic acid and 1ml of fresh saturated aqueous potassium 
iodide solution. The flask was shaken for 1 min and placed for 1 min in the dark. 75 ml of water was then 
added and titrated (V ml) against 0.0 IM sodium thiosulphate solution using soluble starch solution 1% 
(w/v) as an indicator. A reagent blank determination (Vo) was carried out which should not exceed 0.5 ml of
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O.IM sodium thiosulphate. The peroxide value was calculated using the following equation where T is the 
molarity of the thiosulphate solution:
Peroxide value = ( V - Vo) T x 10^  m Eq/kg 
M
The test was performed on a sample from an opened bottle (3-4 months) and unopened fresh sunflower oil 
with each test being carried out in triplicate.
3.9 Characterization of oii-in-water emuisions
3.9.1 Dispersed phase dropiet sizing
Droplet size distribution has a direct impact upon the oil-in-water emulsion microstructure. The size 
distribution of droplets present in each emulsion sample was measured using a Malvern Mastersizer. The 
Mastersizer is capable of measuring droplets in the size range 0.1 pm to 600 pm by use of interchangeable 
lenses. Using the principles of laser light diffraction the size distribution of the droplets from an emulsion 
sample can be measured by the Mastersizer (schematically represented in Figure 3.7).
49
photodiodes
laser beam path
laser emitter (2) [
focus lens (3)
sample flow cell (4)
sample pipetted here
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Figure 3.7 Laser diffraction particle sizer schematic
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Plate 3.1 Malvern Mastersizer, fnotated as in Figure 3.7.
Briefly, a typical measurement sequence took place as follows:
The optical system was automatically aligned and the electrical background interference measured in the 
absence of the laser beam. Approximately 3 to 5 drops of emulsion sample were pipetted into the centrifligal 
pump containing approximately 100 ml of de-mineralized water. The diluted sample was then pumped 
around a sealed system containing a flow cell situated in the path of the laser beam. Emulsion was added 
until 10% to 25% obscuration of the laser light was achieved.
The diffraction pattern produced as laser light passes through the sample flow cell scatters onto a series of 
light sensitive diodes. Light intensity information from the photodiodes is then passed to a computer where 
light scattering theory is used to calculate the size distribution. The initial size distribution is stored and the 
scattering matrix loaded for the chosen presentation is used to predict the light scattering which the 
distribution would generate. The presentation characterizes the optical model of light scattering to be 
assumed in the sample analysis which includes the refractive indexes of the two phases and the polydisperse 
model function as opposed to the monodisperse model function.
The refractive index (RI) of the aqueous and oil phases was measured by the use of a Abbe Refractometer at 
room temperature scanning at 633 nm. The RI for the aqueous phase NBYG was 1.3699 and the oil phases 
hexadecane, sunflower oil and milkfat were 1.4667,1.360 and 1.3665 respectively.
The sealed system was then flushed through three times with de-mineralized water and the measuring 
sequence was performed a further two or three times so that a mean value could be obtained for each sample 
measured.
3.9.2 Emu!sion stability during thermal inactivation
Instability in emulsion systems can occur due to the effects of heat (Dalgleish, 1997). Some surfactants and 
protein-type surfactants may be denatured by heat and by adsorption to an interface (Corredig & Dalgleish,
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1995) which permits the formation of chemical bonds, especially disulfides, between individual surfactant 
molecules (Dickinson & Matsumura, 1991). Heating emulsions can also lead to the formation of aggregates 
or gels, which may be desirable in forming textures in commercial food emulsions, or unwanted.
The effects of thermal inactivation temperature (55°C) on the stability of model emulsions and UHT milk 
was investigated. 50 ml of a range UHT milks and model emulsions were prepared using 0.3% (v/v) Brij 35 
as the surfactant using the standard shear cycle. The droplet size of the emulsion was determined as in 3.9.1 
prior to heating. The emulsion was heated for 40 minutes at 55°C, being continuously stirred, using the 
standard thermal inactivation procedure, (see 2.5.3). A sample of emulsion was removed after this time and 
was subject to further droplet sizing analysis. The dispersed droplet size of the emulsion was then compared 
before and after heating. A large increase in droplet size would indicate coalescence or creaming within the 
emulsion.
3.9.3 Volume fraction determination
3.9.3.1 Density measurements
The density of the aqueous phase NBYG and the two oil phases, hexadecane and sunflower oil, were 
measured at 20°C using a vibrating tube density meter (Paar, DMA602). Each value was expressed as the 
mean of three determinations.
3.9.3.2 Werner-Schmidt oil extraction
The gravimetric Wemer-Schmidt process was used to quantify the amount of fat extracted from an oil-in- 
water emulsion. It is similar, but simpler, than the Rose-Gottlieb reference method, (BS 1741:1963).
The emulsion sample was accurately weighed into a boiling tube and an equal weight of concentrated 
hydrochloric acid was added. The tube was then shaken and immersed in boiling water for 30 minutes. The
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hot mixture became pinkish-brown in colour and the tube was allowed to cool after removal from the boiling 
water. An equal weight of ethanol was added, followed by shaking and venting. 30 ml of di-ethyl ether was 
added and shaken, followed again by venting. The mixture in the tube was allowed to settle into a bottom 
aqueous layer and an upper layer of mixed ether/ethanol and extractable compounds. The upper layer was 
transferred into a pre-weighed flask and rotary evaporated to remove excess ether. This washing process was 
repeated three or more times to ensure sufficient extraction of as much oil phase as possible. The extracts 
were then dried overnight at 100°C to a constant weight to obtain a final weight of the extractable material. 
The volume fraction of oil was calculated using the following equation:
We
■fLoiL
100-
f  X 100 X 100
W  emulsion /  W  ex
aq P  oil
where 
W - weight
p  - density
aq - aqueous phase 
oil - oil phase
The oil volume fraction was determined for a sample of 5% and 10% hexadecane-in-water model food 
emulsions. Each sample extraction was performed in triplicate and the final result was taken to be the 
arithmetic mean of the three values obtained.
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3.10 Results
3.10.1 Emulsion stability and minimum surfactant concentration
The concentration of each surfactant type used in the formulation of model emulsion systems is given in Table 
3.3. Emulsions containing insufficient amounts of surfactant gave unstable emulsions which separate into two 
distinct separate phases, an upper creamed oil phase and a lower aqueous phase (Plate 3.2). Emulsions that 
remained visibly stable; i.e. showed no apparent phase separation or sliglit creaming, contained sufficient 
concentrations of surfactant to maintain a stable emulsion. The concentration of surfactant chosen was one 
that maintained a stable emulsion but was not present in excess in tlie emulsion mixture. It was considered that 
a minimum concentration of surfactant present in the emulsion would be used rather than an excess due to tlie 
fact that an excess could influence the sensitivity of bacteria to heat during thermal inactivation studies.
#  #  #  #
I I
X  ^  -
30 60 120 250 500 1000 pi/50ml
Plate 3.2 Phase separation in a 10% hexadecane in-NBYG emulsion with increasing surfactant concentrations 
from left to riglit
Table 3.3 Concentration of surfactants used to produce stable model emulsion systems
Surfactant type Concentration used % (v/v)
Brij 35 (Pierce and Warriner) 0.6
Tween 60 (Sigma) 1.2
Lecithin (Sigma) 2.4
Having determined a suitable surfactant concentration for each system this was kept constant throughout the 
range of emulsions produced from 5% to 20% oil fraction with either hexadecane or sunflower oil.
3.10.2 Peroxide value
The mean rancidity or peroxide value of fresh and ‘old’ sunflower oil was found to be 5.53 and 19.87 
mEq/kg respectively. The results obtained for fresh sunflower oil agree with Melenbacher (1960) in that 
fresh oils should have a peroxide value well below 10 mEq/kg. A noticeably rancid taste in most oils is 
usually noticeable in oils when the peroxide value is between 20 and 40 mEq/kg. This indicates that the 
‘old’ sunflower oil was bordering on rancidity and a slight odour could be detected.
The presence of peroxides in sunflower oil could influence the sensitivity of bacteria heating. As a 
precautionary measure, sunflower oil used for the manufacture of model emulsions was replaced monthly 
so that the possibility of contaminating the model emulsions with peroxide would be reduced.
3.10.3 Dispersed phase droplet sizing
The mean droplet diameter or Herdan diameter for the three types of model emulsions and UHT milk 
investigated are derived from the measurement of the volume of the droplets, D[4/3] ([1] Figure 3.8)
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The Mastersizer produced a data sheet which details a result consisting of a distribution of the relative 
volume of material in 32 size bands ([2] Figure 3.8) of increasing diameters. For example, 17.04% of the 
distribution in the size category 0.28 - 0.35pm means that the total volume of all particles with diameters in 
this range represents 17.04% of the total volume of all particles in the distribution, (Figure 3.8). The 
geometric mean droplet diameters are calculated from the fundamental distribution using the summation of 
the contributions from each size band.
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Figure 3.8 Malvern Mastersizer report of virtually fat free milk (UHT)
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3.10.3.1 Model emulsions
The mean size distribution from each Mastersizer report was collated and presented in Tables 3.4, 3.5 and 
3.6. The diameter of hexadecane droplets in both Brij 35 and Tween 60 are comparatively similar 
throughout the range 5 to 20%. The droplet diameters range from 4.48 pm to 5.92 pm in a Brij 35 stabilized 
surfactant and from 2.56 pm to 5.06 pm in a Tween 60 stabilized emulsion. Lecithin, however, failed to 
produce a stable emulsion when blended with hexadecane as the dispersed phase. The emulsion began to 
cream within 1 hour of mixing.
When sunflower oil replaced hexadecane as the dispersed phase the droplet diameters changed dramatically 
with lecithin and Brij 35. Emulsions produced using Tween 60 produced droplets in a similar range to those 
when using hexadecane, from 3.8pm to 6.32pm in the 5 to 20% oil fraction range.
Emulsions prepared using Brij 35 with sunflower oil gave droplets 2 to 3 times larger than when hexadecane 
was used as the dispersed phase, from 8.18 pm to 15.46 pm. This could be related to the greater viscosity of 
the dispersed phase as sunflower oil has a greater viscosity than hexadecane. This increase in viscosity 
during blending reduces the shear rate within the mixing pot. Under shear, a droplet undergoes distortion, 
elongates into threadlike filaments, and subsequently breaks up into smaller droplets. The reduction in the 
rate of shear within the pot produces filaments which are partially broken up, hence larger droplets are 
produced. (Tomokita, 1935).
Lecithin was able to sustain an emulsion only when sunflower oil was used as the dispersed phase, lecithin 
also produced large emulsion droplets, the largest being 36.3pm in diameter. Yeadon et al. (1958), also 
showed that lecithin produced a poor emulsion when used as the sole surfactant. It is understood that the 
poor stability of lecithin stabilized emulsions is ascribable to the presence of short-chain steric repulsion by 
the large head-group of the phosphatidyl choline molecule (see Figure 3.3). Rhydhag & Wilton (1981),
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found it necessary to incorporate a short chain co-surfactant such as phosphatidylserine which acts to 
increase the fluidity of the interfacial surfactant layer. This reduces the tendency of lecithin to form highly 
rigid films (Binks et al., 1989) and allows the interfacial film sufficient flexibility to take up the different 
curvatures required to form a balanced emulsion. The presence of free fatty acids in sunflower oil may act as 
co-surfactants thus enabling an emulsion, although poor, to be formed, with sunflower oil but not with 
hexadecane.
3.10.3.2 UHT milks and cream
UHT milks and cream have much smaller oil droplet diameters than the model emulsions. For example, the 
milkfat droplets in full fat milk are almost 5 times smaller than the equivalent Tween 60/ 5% hexadecane 
model system. This is due to homogenization of the milk during processing of UHT milks and creams, 
where the droplets are passed through minute orifice valves at pressures between 1000 and 5000 psi, which 
has a greater shear effect than a simple mixing blender, producing much smaller droplets.
3.10.4 Photomicrographs
Dispersed oil droplets are visible stained red under microscopic examination, using Oil-red-0 stain (Plates 
3.3 to 3.10) It is clearly noticeable that the dispersed oil droplets in UHT milk are much smaller than 
droplets in the model emulsions due to the homogenization process. This observation agrees with the droplet 
size data produced from the Malvern Mastersizer given in Tables 3.4, 3.5 and 3.6. No visible aggregation, 
flocculation or coalescence can be seen in the range of model emulsions or UHT milks indicating that both 
the emulsions are relatively stable.
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Table 3.4 Mean droplet size distribution of hexadecane droplets in three different model emulsion systems
Oil Fraction% (v/v)
Mean droplet
diameter (pm) 5 10 15 20
Brij 35 4.48 4.82 5.40 5.92
(0.3% (v/v))
ÉO-38)
Tween 60 2.56 3.90 5.26 5.06
(0.6%(v/v))
f o - l O (rP *oS) h -
lecithin n/a n/a n/a n/a
(1.2%(v/v))
lumbers in parenthesis indicate standard deviation of the mean.
3.5 Mean droplet size distribution of sunflower oil droplets in three different model emulsion
systems
Oil Fraction% (v/v)
Mean droplet
diameter (pm) 5 10 15 20
Brij 35 8.18 11.90 14.68 15.46
(0.3% (v/v)) (to**/)
^0 -26)
Tween 60 3.80 5.72 5.70 6.32
(0.6%(v/v)) /a -7)} (O -O l)
lecithin ( 1.2%(v/v)) 9.50 15.50
U ' i ù )
20.13 , 36.30
Numbers in parenthesis indicate standard deviation of the mean.
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Table 3.6 Mean droplet size distribution of milk fat globules in UHT milk and cream
Oil ffaction% (v/v) milk fat
fat free half fat full fat single cream
0.10 1.70 4.00 18.00
Mean droplet
diameter (pm) 0.33 0.47 0.52 2.25
(lo‘06^ ^/O'OS ) (to- oO
I Numbers in parenthesis indicate standard deviation of the mean.
3.10.5 Emulsion stability during heat challenge
The range of UHT milks and model emulsions that were sized before and after heating at 55°C are presented 
in Table 3.7.
Table 3.7 Droplet size of a selection of UHT milks and model emulsions before and after heat challenge
Sample Mean droplet diameter 
before heating (pm)
Mean droplet diameter 
after heating (pm)
Virtually fat free 0.32 0.34
milk (UHT)
Half fat milk (UHT) 0.47 0.46
Single cream (UHT) 0.66 0.52
10% hexadecane 5.3 4.4
10% Sunflower oil 10.54 10.65
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No visible creaming could be determined during heating of the emulsions. Heating at 55°C did not cause 
droplet sizes to increase although a slight decrease in droplet size could be detected with single cream and 
10% hexadecane. This slight decrease in droplet size could be attributed to the effect of heating. Shinoda & 
Saito (1968), investigated the effect of temperature on the droplet size of emulsions. He concluded that if 
the surfactant was used to produce an emulsion near to its Phase Inversion Temperature (PIT), the 
temperature at which an O/W emulsion will invert to a W /0 emulsion, the droplet size would decrease 
considerably. It may be that 55°C is approaching the PIT of Brij 35 and that a greater increase in 
temperature could decrease the emulsion droplet further and increase the stability of the emulsion.
3.10.6 Density measurements
The density of the aqueous and two dispersed phases were determined using a density meter (Paar, 
DMA602). The mean density of the aqueous phase was measured at 1010.017 kg/m^, and the mean densities 
of the hexadecane and sunflower oil were 774.704 kg/m^ and 920.914 kg/m^ respectively.
3.10.7 Werner Schmidt oii extraction
This technique measured 4.39% (v/v) and 9.85% (v/v) of oil in a 5 and 10% hexadecane-in-NBYG 
emulsion. The deviation from the actual known oil concentration of 0.30 and 0.09 can be attributed
to experimental error.
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3.11 Conclusions and summary
Both Brij 35 and Tween 60 possess good emulsifying properties when used with both hexadecane and 
sunflower oil. This agrees with the HLB concept (Davies, 1957) and the Bancroft rule (Bancroft, 1913). The 
polydisperse emulsions are also visibly stable under microscopic examination. Lecithin, however, does not 
seem to be an effective surfactant and is frequently used as a co-surfactant to aid émulsification (Kahlweit et 
al, 1995; Shinoda & Kaneko, 1989). Homogenized emulsions prepared using lecithin are generally found to 
be more stable than those prepared in a blender.
Heating model emulsions, milks and cream at 55°C does not cause an increase in the size of dispersed 
droplets. This confirms that no coalescence or creaming occurs due to the action of heat. Homogenization of 
emulsions in the manufacture of UHT milk and cream clearly produces significantly smaller oil droplets in 
the dispersed phase when compared to those produced in a blender such as the model emulsions.
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Legend to photomicrographs
Plate 3.3 Virtually fat free milk (UHT), stained with oil-red-0, x 417 magnification.
Plate 3.5 Half fat milk (UHT), x417 mag.
Plate 3.7 Full fat milk (UHT), x417 mag.
Plate 3.9 Single cream (UHT),x 417 mag.
Plate 3.4 5% hexadecane-in-NBYG emulsion (Brij 35) stained with oil-red-0, x 1179
mag.
Plate 3.6 10% hexadecane-in-NBYG emulsion (Brij 35), x 1179 mag.
Plate 3.8 15% hexadecane-in-NBYG emulsion (Brij 35), x 1179 mag.
Plate 3.10 20% hexadecane-in-NBYG emulsion (Brij 35), x 1179 mag.
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4.0 Microbial ceil surface hydrophobicity
4.1 Ceil adhesion
The adhesive property of pathogenic bacteria is generally accepted as a requirement for pathogens to 
counter the host mechanisms that are designed to cleanse the surfaces physically of unwanted 
microorganisms such as peristalsis in the small intestine, (Beachey, 1981). Cell surface hydrophobicity 
(CSH) is governed by the chemical composition and physical organization of the outer layer(s) of the 
cell wall, such as proteins, (Bar-Or, 1985) and lipopolysaccharides (Baloda et al., 1988).
Hermansson et al., (1982) measured the CSH for a range of salmonellas including a mutant rough 
strain. Smooth (wild) strains of Salmonella typhimurium and other Gram-negative bacteria, carrying 
intact LPS molecules, appeared to be more hydrophilic than the corresponding rough mutants, in which 
loss of the O side chain and core oligosaccharide monomers led to an increased CSH.
The localization and distribution of the hydrophobic components along the cell wall determine the 
degree of association with interfaces. Hydrophilic and hydrophobic groups are mixed together on the 
cell surface. It can therefore be expected that cells forming hydrophobic interactions will be 
hydrophobic all along the cell or that their hydrophobic components may be concentrated in patches or 
at the poles.
4.2 Measurement of CSH
Lipophilic (hydrophobic) surface properties of microbial cells have been extensively investigated and 
have been implicated in such biological phenomena as the interaction between bacteria and phagocytes, 
attachment of bacteria to host tissue, adherence of bacteria to contact lenses and the partitioning of 
bacteria between phases (Rosenberg et al., 1980). Numerous assays have been proposed to measure
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CSH and most can be classified into two broad categories. The first measures the hydrophobic 
properties of the outer cell surface as a whole (contact angle measurements and adhesion of molecular 
probes). The second category measures hydrophobicity in terms of adhesion. Such methods include 
microbial adhesion to hydrocarbons (MATH), hydrophobic interaction chromatography (HIC) and 
adhesion to polystyrene and to other hydrophobic solid surfaces. Techniques such as the salt 
aggregation test (SAT), in which a salting out agent is used to induce aggregation of suspended cells 
falls somewhere between these two categories (Doyle & Rosenberg, 1995).
Cell hydrophobicity of bacteria in an emulsion may influence the thermal resistance of that bacterium 
to heat if the bacteria are protected from the heat by the adhesion and close association of other oil 
droplets.
4.3 Aims of this chapter
In this chapter we determine the hydrophobicity of Salmonella enteritidis PT4 and a range of other 
bacteria of the Enterobacteriaceae. The thermal resistance of bacteria with higher or lower CSH’s than 
Salmonella enteritidis PT4 were then compared in a chosen emulsion system (see Chapter 6).
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4.4 Materials and methods
4.4.1 Enterobacteriaceae
The following Enterobacteriaceae recovered from 18 h stationary phase cultures at 37°C were 
harvested in buffer appropriate to the detailed methods 4.4.2 to 4.4.5 washed twice and resuspended in 
fresh buffer to give approximately 1 x 10^  cfu/ml by viable count.
Salmonella enteritidis PT4 167807 
Salmonella enteritidis PT4 p407693 
Salmonella arizonae 
Salmonella ibadan 
Salmonella virchow 
Salmonella typhimurium 
Salmonella agona 
Klebsiella pneumoniae 
Citrobacter freundii 
Serratia marcescens 
Enterobacter aerogenes 
Yersinia enterocolitica 
Escherichia coli 
Proteus vulgaris
PHLS 
(rough, mutant) PHLS 
USCC 876 
USCC 129 
USCC 445 
USCC 305 
USCC 221 
USCC 647 
USCC 1873 
NCTC 1377 
USCC 1808 
USCC 2805 
USCC 1369 
NCTC 8313
University of Surrey Culture Collection, USCC; Public Health Laboratory Service, PHLS;
National Collection of Type Cultures, NCTC
4.5 Ceii surface hydrophobicity assays
4.5.1 SAT Test
The salt aggregation test (SAT) is a procedure for analyzing the aggregative behavior of bacteria in 
increasing concentrations of salting out agents (primarily ammonium sulfate). This technique, 
introduced by Lindhal et a l, (1981) is based on the premise that increasingly hydrophobic bacteria will
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aggregate at correspondingly lower salt concentrations. This method was used with 50 pi volumes of 
each ammonium sulfate (Sigma) concentration in 0.002M phosphate buffer (pH 6.8) dispensed into 
24-well tissue culture trays (Nunc). After adding 50 pi of bacterial suspension in the same buffer to 
each well, the trays were agitated for two minutes. The lowest concentration showing precipitation, 
was the SAT value recorded. To exclude self-agglutination a bacterial suspension in buffer served as a 
control. The test was repeated four times to determine a mean concentration at which aggregation 
occurred.
4.5.2 MATH test
The MATH test, which measures microbial adherence to hydrocarbons (primarily hexadecane), was 
originally proposed by Rosenberg et al. (1980). It was found that various strains of bacteria thought to 
possess hydrophobic surface characteristics adhered to liquid hydrocarbons, whereas non-hydrophobic 
strains did not. The original method, whereby cell density is measured by light absorbency, was 
slightly modified so that an actual measure of cell count was taken. Briefly bacterial cells were 
harvested and washed twice in 1 M potassium-uric-acid-magnesium buffer (PUM, pH 7.1) by 
centrifugation and resuspended in fresh buffer. 100 pi was removed for serial dilution and enumeration 
on nutrient agar (Oxoid) to determine the initial concentration cfii/ml. Next 500 pi of hexadecane 
(Sigma) was added to 1ml of bacterial suspension, and the two phase system was vortexed for two 
periods of 30 s with an interval of 5 s between periods.
Subsequently, 10 min was allowed for phase separation and 100 pi was removed from the aqueous 
phase, serially diluted in MRD and plated on NA to determine the final count, cfu/ml. The percentage 
of bacteria adhering to hexadecane was calculated using formula (1).
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(1) (% adhesion) = initial count (cfu/ml) - aqueous count (cfu/ml)
initial count (cfii/ml)
X 100
4.5.3 Magnobead assay
The adherence of cells to polystyrene coated, paramagnetic latex beads or magnobead assay, was 
originally used by Stravier et al., (1996) to determine the CSH of different strains of Saccharomyces 
cerevisiae, brewers’ yeast cells. This method was adapted to determine the CSH of bacteria. Bacterial 
cells were harvested and washed twice with deionized water. Subsequently, the cells were suspended in 
50 mM sodium acetate buffer (pH 4.5). 1 ml of this suspension was removed for serial dilution in MRD 
and enumerated on NA to determine the initial count. 985 pi of the bacterial suspension was 
transferred to a small glass capped tube and 15 pi of paramagnetic, polystyrene coated latex beads (1-2 
pm; Polysciences, USA) was added. This mixture was incubated for 20 minutes at room temperature 
under continuous shaking. After incubation, the glass tube was placed against a samarium-cobalt 
magnetic particle concentrator (MPC-1; 25 mm x 11 mm x 15 mm, Dynal) for two minutes and, finally, 
0.1 pi of suspension furthest away from the magnet was removed, serially diluted and enumerated on 
NA (Figure 1). The percentage of cells adhering to the beads was calculated using the formula below. 
The procedure was repeated a further two times so a mean percentage adherence could be calculated 
for each bacterial type.
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(% adhesion) = initial count (cfu/ml) - final count (cfu/ml)
initial count (cfu/ml)
X 100
initial
c f u / m l
final
cfu/ml
o  ^
C O
w O
Figure 4.1 Schematic representation of the magnobead assay. (1) Enumeration of the initial cell 
suspension; (2) addition of the paramagnetic, polystyrene-coated latex beads; (3) positioning of the 
magnet; (4) transfer of the non-adhering cells to another cuvette and enumeration of the final cell 
concentration.
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4.5.4 CSH measured using ANS spectrofiuorimetry
Hobden et al., (1995) described this method which involves the use of the bound fluorescent probe 8- 
anilino-1-naphthalene sulfonic acid (ANS), the fluorescent emission maximum of which was shown to 
be a sensitive indicator of dielectric polarity. This was used to identify the hydrophobic characteristics 
of the cell surface of the yeast Candida albicans by relating dielectric polarity (e) to CSH.
Briefly, washed bacterial cells, from stationary phase cultures, were suspended in 1 mM HEPES buffer 
at pH 7.5. The final concentration of cells was adjusted so that all cell concentrations were measuring 
the same optical density at 540 nm.
Following excitation of ANS at 360 nm, emission spectra were recorded in the range 420-570 nm with 
solutions made up in solvents with dielectric constants (relative permittivities) (e) ranging from 10 to 
80 (Table 4.1). Studies with 1-5 mM ANS in each solvent were performed, with the concentration used 
being dependent upon the fluorescence yield.
Table 4.1 Dielectric constants of solvents used to study the fluorescence of ANS
Solvent Dielectric constant (e)
Octanol 10.3
Butanol 18.1
Propanol 20.1
Ethanol 24.3
Methanol 32.6
Ethylene glycol 37.7
Glycerol 42.5
Distilled water 80
72
To study the interaction of ANS with bacteria, aqueous suspensions of bacteria were mixed with 
lOOpM ANS and emission spectra were recorded following excitation at 360 nm. The emission 
maximum (X^ ax.) for several bacterial suspensions were recorded. From the relationship between A^ ax. 
and 8 it was possible to identify an ‘equivalent’ dielectric constant. Bacteria promoting a blue-spectral 
shift indicating the movement of the ANS probe from a highly polar environment offered by water 
towards a more hydrophobic environment, such as the bacterial cell surface, can be used to determine 
the CSH of bacteria depending on their spectral shift.
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4.6 Results
4.6.1 SAT assay
The lowest concentration of ammonium sulfate which gives visual aggregation of the various bacteria 
is presented in Table 4.2 Among the 14 cultures, 5 aggregated in ammonium sulfate concentrations 
with a low molarity of 0.078 mol/1: Salmonella enteritidis (mutant), Klebsiella pneumoniae, Serratia 
marcescens, Enterobacter aerogenes and Proteus vulgaris indicating greater hydrophobic 
characteristics than the others. However, Salmonella enteritidis (mutant) self aggregated in the 
absence of any ammonium sulfate indicating a particularly strong hydrophobic tendency. Yersinia 
enterocolitica aggregated at an ammonium sulfate concentration of 2.5 mol/1 suggesting it had the least 
hydrophobic characteristic among the 14 bacteria tested.
Table 4.2 Mean aggregative behavior of a range of Enterobacteriaceae in minimum ammonium sulfate 
concentration showing aggregation
Enterobacteriacae/ Strain minimum (NH4)2S04 concentration 
mol/1
Salmonella enteritidis PT4 (wild) 0.312
Salmonella enteritidis PT4 (mutant) 0.078
Salmonella arizonae 0.312
Salmonella ibodan 0.312
Salmonella virchow 0.625
Salmonella typhimurium 0.625
Salmonella agona 1.3
Klebsiella pneumoniae 0.078
Citrobacter freundii 0.156
Serratia marcescens 0.078
Enterobacter aerogenes 0.078
Yersinia enterolitica 2.5
Escherichia coli 0.156
Proteus vulgaris 0.078
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The measured hydrophobicity of Salmonella enteritidis PT4 (wild), when compared to other 
Enterobacteriaceae, lies roughly in the middle of the range of bacteria tested.
4.6.2 MATH test
Figure 4.2 summarizes the mean % adhesion of a range of bacteria to hexadecane. Among the 12 
cultures tested 2 of these, Salmonella enteritidis PT4 (wild) and Proteus vulgaris adhered to 
hexadecane with values >70%, 4 with values between 20 and 70% and 6 with values lower than 20% , 
the lowest being Salmonella agona. Ding et al., (1992) expressed adherence values of those greater 
than 70% were considered as hydrophobic, less than 20% as hydrophilic and those between 20% and 
70% as possessing intermediate characteristics.
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Figure 4.2 Percentage adherence to hexadecane (light shading) and % adherence to magnobeads (dark shading)
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4.6.3 Magnobead assay
Microbial adhesion to polystyrene has been well demonstrated (Rosenberg et al., 1980). This 
understanding has been used to measure CSH using polystyrene latex coated paramagnetic beads as 
previously used to measure the CSH of yeast cells, Stravier et a l, (1996). It was hypothesized that in 
this so-called magnobead assay, bacterial cqU s with a high level of CSH will adhere more strongly to 
the beads in comparison with cells with a lower level of CSH.
Bacterial cells did adhere to the magnobeads as demonstrated by Rosenberg et al., and measurements 
of adherence were calculated for a range of 12 cultures and are given in Figure 4.2. Of the 12 cultures 
tested 3 showed adhesion >70% these being Enterobacter aerogenes. Salmonella arizonae and 
Salmonella enteritidis PT4 (wild), 8 with adherence values between 20 and 70% and one, Citrobacter 
freundii, lower than 20% adherence.
4.6.4 Comparison of MATH test magnobead assay and SAT
Various methods for estimating the CSH of bacteria and yeast have been compared, (Mozes et a l, 
1987; van Loosdrecht et al., 1987; Ding et al., 1992. Good correlation between the methods tried can 
be seen for certain types of bacteria, for example, both Salmonella enteritidis strains, and Yersinia 
enterocolitica in the MATH test and Magnobead assay show good correlation. However, when we 
compare other bacteria such as Salmonella agona poor correlation between the two methods used can 
be seen.
When we compared the results from the SAT test Y. enterocolitica, for example, appears to be strongly 
hydrophilic, but possess intermediate hydrophobic characteristics when measured using the MATH 
and Magnobead assays. Results of good and poor correlation when comparing hydrophobicity tests for 
bacteria have been reported by many authors. Mozes et al., (1987) also compared MATH, adhesion to
76
polystyrene, and SAT. They found good agreement for Acetobacter and Saccharomyces strains but the 
evaluation of the hydrophobicity of Enterobacter aerogenes and Klebsiella, fragilis varied widely 
depending on the measurement technique.
Mozes et al., (1987), concluded that the SAT test was only suitable for measuring very hydrophobic 
bacteria and suggests that adherence to polystyrene is a more suitable method for measuring CSH. Bos 
et al., (1996) compared a range of streptococcal isolates using MATH and SAT and found weak 
correlation among the various techniques, even when comparing tests from the same category (e.g., 
Magnobead versus MATH).
Many of these authors consider using the hydrophobicity assays as only crude methods to determine a 
rough estimation of microbial cell surface hydrophobicity.
4.6.5 ANS probe
From Figure 4.3 it can be seen that as the dielectric constant of a solvent decreases, (i.e. from water to
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Figure 4.3 Ruorescence emission spectra of 10-^  M solution of ANS in alcohol. The quantum yield increases and the 
emission maximum shifts to the blue as the solvent polarity decreases, in the order: glycerol (G), ethylene glycol (EG), 
methanol (M), ethanol (E), propan-2-ol, (P-2), propan-l-ol (P-1), butanol (B) and octanol (O)
octanol), the emission wavelength maximum peak shifts towards left. Using this plot, the maximum 
peak at a particular wavelength for each alcohol can be plotted against dielectric constant, to produce 
Figure 4.4. From this plot we can compare maximum wavelength peaks of ANS bound to bacteria. 
Those bacteria which show hydrophobic tendencies will cause the maximum peak to shift to the left 
(i.e. as with octanol).
Those which show hydrophilic characteristics will shift the maximum peak to the right (i.e. as with 
water). From this a relative scale of hydrophobicities could be determined when binding ANS to 
different bacteria. Using this relationship ANS was excited at 360 nm and the emission spectra was 
measured when bound to four different bacteria seen in Figure 4.5.
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Figure 4.4 Relationship between emission maxima of ANS and solvent polarity
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Figure 4.5 Emission specti a of ANS excited at 360 nm bound to four different bacteria
79
The emission peak of the control, ANS in HEPES buffer pH 7.5, was at 510 nm. When ANS was 
excited in the presence of HEPES buffer and bacteria the peaks shifted to the left emitting light 
between 410 and 430 nm indicating a dielectric constant below 10 and a relative low hydrophobicity. 
However, maximum peaks could not be clearly distinguished between the four bacteria measured 
possibly due to the lack of sensitivity of the spectrophotometer used.
This method could therefore be extremely sensitive in measuring the CSH of bacterial cells if suitably 
sensitive apparatus was used.
4.7 Conclusion and summary
The CSH of bacteria measured using MATH, SAT and Magnobead assays indicate that from the group 
of Enterobacteriaceae both good and poor correlation exists between the techniques used. However, 
when comparing the hydrophobicity of Salmonella enteritidis PT4 and other enterobacteriacae a 
pattern can be established which can be used to determine those bacteria which have noticeably lower 
or higher CSH. Proteus vulgaris and Citrobacter freundii were chosen as bacteria possessing 
significantly higher and lower CSH than Salmonella enteritidis PT4 (wild) respectively.
Measuring the CSH of bacteria using the ANS probe did unfortunately not produce accurate results. It 
was unfortunate that suitable apparatus for measuring this long winded and difficult experiment was 
not available at the time. Further work needs to be carried out using a more sensitive spectrophotometer 
to enable this possible accurate method of measuring CSH to be determined.
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5.0 Growth of Salmonella enterltidls PT4 in model food emulsions
5.1 Growth characteristics
Bacterial growth will occur in many foods when conditions are favourable; they will begin to multiply 
and pass through a succession of phases. If the food is periodically sampled, and microorganisms 
enumerated and the counts plotted as logarithms of colony forming units against time, a sigmoidal 
growth curve is obtained, as shown in Figure 5.1.
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Log of 
No. of 
organisms
■M-
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Figure 5.1 Microbial growth curve
The curve is divided into phases as indicated in the Figure: the initial lag phase, during which there is 
no growth or even a decline in numbers; while the inoculum adjusts to the new environment 
synthesizing enzymes required for its exploitation and repairs any lesions resulting from earlier injury;
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the accelerating phase, during which the specific rate of growth is continuously increasing; the 
logarithmic or exponential phase of growth, during which the specific growth rate is most rapid and 
constant; the decelerating phase, during which the specific growth rate is decreasing due to nutrient 
depletion, or the accumulation of inhibitory metabolites and the stationary phase, where the numbers 
of organisms remain constant.
The rate of growth of a microorganism will increase with the amount of biomass available, which can be 
represented mathematically as:
6x! = [IX
where dx / dr is the rate of change of biomass, or numbers of microorganism x  with time t, and ji is the 
specific growth rate constant. The slope of the exponential portion of the curve equals the organisms 
specific growth rate ii.
The generation time or doubling time, the time that elapses between the formation of a daughter cell and 
its division into two new cells, can be calculated. The doubling time will be shortest during its 
exponential phase of growth and its length can vary due to environmental factors, e.g., temperature. A 
drop in temperature, for example, will lengthen the generation time and hence the keeping time. If a 
single cell divides every 30 minutes there will be about 1 million cells in 10 h but only about 1000 cells 
if the doubling time is 60 minutes and only 32 cells if it is 120 min. This emphasizes the importance of 
keeping ji as low as possible. Other factors which can influence the growth of bacteria are type of 
nutrition available, pH, redox potential, available moisture (water activity, aw) and the presence of 
antimicrobial inhibitors.
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5.2 Growth of bacteria in emulsion foods
Many types of edible oil-in-water emulsions including milk, whole egg, mayonnaise cream and other 
foods which may contain these emulsions in the form of gravies or sauces, can support the growth of 
food-borne pathogenic bacteria. Studies have investigated the intrinsic and extrinsic factors which 
could influence the growth of pathogenic bacteria in these emulsion foods (Rosenow & Marth, 1987; 
Perales & Garcia, 1990; Saeed & Koons, 1993; Phillips & Griffiths 1987) however the effects of the fat 
or oil present was not investigated.
Donnely & Briggs (1986) studied the growth of Listeria monocytogenes in skim milk, whole milk and 
11% non fat milk solids at various temperatures. They found that there were no apparent growth 
differences at 22° and 37°C in the different products. At 4° and 10°C, however, milk composition had 
an effect on achievable population levels. At 10°C in whole milk L. monocytogenes levels reached 5.8 x 
10  ^cfu/ml after 48 hr while the same strain only reached 7.6x 10  ^cfu/ml in skim milk. Similar results 
were also observed at 4°C.
Conversely, Rosenow & Marth (1987), studied the growth of L . monocytogenes in skim, whole and 
chocolate milk and whipping cream at various temperatures and found no difference in the growth rates 
within the different products but found increased doubling times at a lower temperature of 4°C. Similar 
results were observed by Phillips & Griffiths (1987), studying the growth of Serratia marcescens in 
milk and cream in which the increased fat content in the milk products did not influence growth at 15°C.
Muys (1971) studied the effects of chemical composition and the water dispersions of oil-in-water 
foods on the growth of Escherichia coli and Salmonella sp. in unpasteurized mayonnaise and dressings 
containing pasteurized egg yolk. It was concluded that the growth rate was not affected by structure but 
was affected by the aqueous phase of the emulsion due to the concentration of salt present.
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Many of these papers lack detailed investigation into the sole effect of fat or oil in foods on the growth 
of pathogenic bacteria, whether it be a physical or chemical one the oil droplets are assumed to be inert 
obstructions. However, recent interest in mathematical models predicting microbial growth in foods 
have been developed, prompting further detailed investigations into the physical and chemical 
composition of foods on the influence on bacterial growth. Brocklehurst et al. (1995) investigated the 
effect of emulsion structure in a range of model oil-in-water emulsions containing 30 and 70% (v/v) oil 
phase on the growth parameters of L. monocytogenes and Yersinia enterocolitica at 20°C. Growth 
studies revealed that at oil concentrations up to 70% (v/v) bacteria grew as if the oil droplets were not 
present. In highly concentrated emulsions of 83% (v/v) oil, both the growth rate and yield were reduced. 
Emulsions containing increased droplet diameters from 2 to 15 and 25 pm also did not affect growth 
rates.
The physiochemical effects of fat on the growth of bacteria in oil-in-water emulsions requires further 
investigation to reconcile the above contradicting results of many authors. In this chapter we determine 
the effects of increased fat on the growth of Salmonella enteritidis PT4 and attempt to observe the site 
of microbial growth within an emulsion system.
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5.3 Materials and methods
5.3.1 Bacterial culture
Salmonella enteritidis cells were recovered from storage beads frozen at -80°C (as in 2.5.2), and 
inoculated into 10 ml of NBYG, pH 7.0, and incubated at 37°C for 18 hr. After 18 h the culture, which 
had approximately 10  ^cfu/ml was diluted to a concentration of 5 x 10^  cfii/ml in MRD.
5.3.2 Growth in model food emulsions
5.3.2.1 Growth in aqueous phase
1 ml of the diluted culture was inoculated into 100 ml of the aqueous phase of the emulsion NBYG + 
0.6% (v/v) Brij 35, pH 7.0 and into 100 ml of nutrient broth, (NB, Oxoid), pH 7.0 and incubated, 
shaking, at 37°C. At timed intervals a 2 ml sample was removed from each and serially diluted into 
MRD and enumerated onto NA. Plates were counted after incubation for 24 h at 37°C. The above 
procedure was repeated three times and a mean count of viable bacteria could be determined.
Serial dilution in MRD containing Tween 80, 0.003% (v/v), were compared to those bacteria diluted in 
only MRD, following growth in NBYG, as further experiments would use Tween 80 to facilitate 
emulsion breakage and accurate bacterial enumeration.
5.3.2.2 Growth in model emulsions
1 ml of the diluted culture (see 4.3.1) was inoculated into 100 ml of a range of model emulsions 
containing 0, 5, 10, 15 and 20% hexadecane, as the dispersed phase (see 3.7.2.2), stabilized by 0.6% 
Brij 35. The inoculated emulsions were incubated shaking at 37°C. At timed intervals a 2 ml sample 
was removed from each and serially diluted into MRD + Tween 80 and enumerated onto NA. Plates
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were enumerated after incubation for 24 h at 37°C. This procedure was repeated three times and a mean 
count of viable bacteria determined.
Growth of S. enteritidis was compared in a range of model emulsions containing 0, 5, 10, and 20% 
sunflower oil (v/v) as the dispersed phase stabilized by lecithin 2.4% (v/v) also incubated shaking at 
37°C.
S.3.2.3 Growth in a non-shaking incubated emulsion
The effect of a non-shaking incubation period was determined on the growth of S.enteritidis in a 10% 
hexadecane model emulsion stabilized using 0.6% Brij 35 surfactant. 1ml of diluted culture (5.3.1) was 
inoculated into 100 ml of emulsion which was constantly shaken during incubation at 37° C and 1 ml 
was inoculated into an emulsion that remained stationary during incubation at 37°C. During incubation 
2 ml samples were removed at timed intervals from both emulsions for serial dilution in MRD + Tween 
80. Samples removed from the non-shaking emulsion were removed from 3 different sites as indicated 
in Figure 5.2.
/  /  7  7 ~ 7
Top
Middle
Bottom
Figure 5.2 Different sites of sampling in a 10% hexadecane emulsion during non­
shaking incubation.
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Samples were removed using a Pasteur pipette which was wiped with a sterile tissue before diluting into 
MRD + Tween 80 to prevent bacteria from other sites being diluted with the selected site. Serially 
diluted samples were then plated onto NA for enumeration.
5.3.3 Microscopy
A 10 ml sample of the 15% hexadecane model emulsion stabilized using Brij 35 was removed following 
18 h of incubation at 37°C and prepared for microscopic examination as detailed below.
5.3.3.1 Light microscopy
The inoculated model food emulsion was examined using a Leitz Wetzlar Ortholux II microscope in 
epifluorescence mode. Samples were prepared by placing a drop of emulsion on a glass slide, mixing 
with Acridine Orange powder (BDH Gurr) using a needle and covering this mixture with a glass 
coverslip.
5.3.3.2 Scanning electron microscopy
The inoculated model emulsion sample was frozen under liquid nitrogen, evacuated and fractured. The 
sample was allowed to sublime for 30 min then splutter coated with a layer of gold, approximately 25 
nm thick. The sample was then observed and photographed using a scanning electron microscope (Leitz 
Cambridge Stereoscan 360).
5.3.4 Bacterial motility
Bacterial motility within a range of model food emulsions was examined using a modified Craigie Tube 
method, as annotated in Figure 5.3.
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Figure 5.3 Modified Craigie Tube apparatus: (1) Inoculum, 50 pi, (2) sterile emulsion, 5 mm above 
the outer level (3) 0.5 % nutrient agar, (4) glass tube and (5) sample recovered here ( *)
Briefly, 50 pi of a 1 x 10  ^ cfu/ml stationary phase culture of S. enteritidis was inoculated onto the 
surface of the model emulsion (0, 5 and 10%) in the glass tube. The entire apparatus was then 
incubated at 37°C for 2 days. After incubation a small sample was recovered from the surface of the 
model emulsion outside of the glass tube using a sterile loop and streaked onto NA which was incubated 
at 37°C and observed after 24 h.
Bacteria sufficiently motile in the emulsion would be able to progress through each media type and can 
then be isolated from the upper surface, whereas non motile, or, hindered bacteria, will not be able to 
migrate to the upper layer outside of the glass tube.
5.5 Results
5.5.1 Growth in aqueous phase
The presence of glucose and yeast extract did appear to influence the specific growth rate o f S.
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Figure 5.4 Mean growth curves of S. enteritidis PT4 in nutrient broth (NB) and nutrient 
broth + yeast + glucose (NBYG) at 37°C shaking
enteritidis when compared to growth in nutrient broth. The specific growth rate from the exponential 
part of the curve for NB and NBYG are 1.26h ' and 1.63 h'^  respectively. An increased lag phase of 1 
hour was also observed when grown in NB. The shorter lag phase seen with NBYG can be explained by 
the addition of glucose which is rapidly taken up and readily utilized by the bacteria for growth. This 
may also be the explanation for the greater yield in bacterial numbers seen with NBYG than NB due to 
the additional amount of glucose and yeast extract available for cell growth. Brocklehurst et al. (1995) 
reported that some emulsion preparations using Brij 35 inhibited the growth of Listeria monocytogenes 
and Yersinia enterocolitica, however, the presence of Brij 35 surfactant in NBYG did not appear to 
inhibit the growth of S. enteritidis .
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Figure 5.5 Mean growth of S. enteritidis in NBYG at 37°C following serial dilution in MRD 
and MRD + Tween 80 (0.003% (v/v))
The addition of Tween 80, 0.003% (v/v), to MRD did not influence the number of salmonellas recovered 
from growth in NBYG, indicating that salmonellas were not sensitive to a dilute concentration of 
surfactant during serial dilution (Figure 5.5).
5.5.2 Growth in model emulsions
The growth rates were calculated from the exponential phase of the growth curves using hexadecane/Brij 
35 (Figure 5.6) and sunflower oil/lecithin combinations (Figure 5.7) and presented in Table 5.1.
It is evident from Figure 5.6 that the presence of hexadecane in an emulsion system does influence the 
growth of S. enteritidis. The time taken to reach exponential phase of growth is increased when grown in 
the presence of hexadecane. When exponential phase is reached there is little difference in the rates of 
growth between the different emulsions used. However, the rate of growth in all emulsions is less than
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that when no hexadecane is present. The increase in length of accelerating phase of growth in emulsions 
increases the time taken to reach stationary phase. With 20% hexadecane the stationary phase is reached 
in 15 hours, whereas in 0% hexadecane the stationary phase is reached in 13 hours.
Similar results were observed with S. enteritidis when grown in model emulsions using sunflower oil 
stabilized by lecithin. An increased lag phase was observed when grown in emulsions when compared to 
growth in aqueous phase with no sunflower oil. The presence of sunflower oil did not affect the rate of 
growth of S. enteritidis in the model emulsions when compared to the growth in the aqueous phase. A
9
8
7
6
I s
U_ 
%
3
2
1
0
24 2614 16 18 20 2210 122 6 80 4
*  0% Hex
— 0— 5% Hex 
— m—  10% Hex 
— D— 15% Hex 
— X— 20% Hex
Time (hours)
Figure 5.6 Growth curve of S. enteritidis PT4 at 37 °C in a hexadecane / Brij 35 model emulsion 
system
similai" increase in the length of time required to reach stationary phase was also recorded when grown 
in all emulsions. A further 2 hours was required to reach stationaiy phase in emulsions when compared 
to growth just in the aqueous phase.
91
Table 5.1 Growth rates and S. enteritidis in various model food emulsions
Surfactant type / % oil growth rate h'
Lecithin (2.4% (v/v))/ 
sunflower oil 
0 
5 
10 
20
1.75
169
168
168
Brij 35 (0.6%(v/v))/ 
hexadecane 
0 
5 
10 
20
1.72
L69
1.59
L54
Time (hours)
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Figure 5.7 Growth cuiwe o f S. enteritidis at 37°C in a sunflower oil/ lecithin model 
emulsion system
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5.5.2.1 Growth in a non-shaking incubated emuision
The effect of shaking and not shaking an emulsion during growth of S. enteritidis can be seen in Figure 
5.8. When a 10% hexadecane/ Brij 35 model emulsion is shaken during incubation the growth curve 
mimics that when grown stationary in NBYG, indicating that the emulsion structure did not affect cell 
growth when shaken.
When the growth curve of stationary incubation was compared with shaken incubation several 
variations in growth could be seen. Cells sampled from the top and middle of the emulsion possessed 
longer lag phases than those cells recovered from the bottom of the emulsion. This increase in lag phase 
also accounts for the difference in cell numbers detected during exponential phase. For example, at 6 
hours of incubation the cfu/ml at the top of the 10% emulsion was 1.6x10^^, whilst a measurement of 
6.3x 10  ^ cfu/ml was detected at the bottom of emulsion. Cells sampled from the top of the emulsion 
possessed lower rates of growth than those sampled at the bottom of the emulsion, these being 1.63 and 
1.46 h’  ^respectively.
The difference in growth rates may indicate creaming of the emulsion during cell growth. The creamed 
top layer could reduce the rate of cell growth due to physical restrictions and also due to lack of growth 
media in this concentrated creamed layer. This could also explain increased growth rates detected at the 
bottom of the emulsion where the concentration of dispersed phase would be lower than that at the top, 
which mimics growth in just aqueous phase alone. If creaming did occur it was probably caused by the 
presence of growing bacteria which could cause droplet flocculation as no creaming was observed in an 
emulsion held at 37°C for 4 days (see 3.9.1).
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Figure 5.8 Growth curve of S. enteritidis in a 10% hexadecane/Brij 35 emulsion at 37°C,
(stationary during incubation)
It is also possible that the detection of cells possessing different growth rates and the increase of cell 
count detected within different regions of the emulsion may be caused by settling of the cells at the 
bottom of the Duran due to gravimetric forces.
5.5.3 Microscopy
S. enteritidis cells were visible stained green with Acridine Orange under fluorescence microscopy with 
the dispersed oil droplets visible as dark circles (Plates 5.1 and 5.2). Growth in the emulsion is 
planktonic and not as colonies, which grow exclusively in the aqueous phase of the emulsion and were 
not present within the oil phase as reported by Senhaji & Loncin (1977). Cells appeared to be growing 
in close association with the dispersed oil phase of the emulsion and few bacteria appear present in the 
aqueous phase of the emulsion where there are few or no oil droplets, possibly indicating attraction to 
hexadecane.
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SEM of an inoculated 15% hexadecane/Brij 35 emulsion shown in Plate 5.3 also shows bacteria in close 
association with droplets of hexadecane although this may be an artefact of the preparation procedure.
5.5.4 Bacterial motility
Salmonellas were recovered on the surface of the outer sterile emulsion following inoculation of the 
Craigie tube, confirming that these were motile in all of the emulsions tested. This supports microscopic 
observations that bacteria were exhibiting planktonic growth within the aqueous phase of the emulsions 
and were freely motile within this phase.
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Legend to photomicrographs
Plate 5.1 fluorescence microscopy of S. enteritidis PT4 stained with Acridine Orange
following incubation (shaking) at 37°C for 18 h in a 15% hexadecane/Brij 35 
emulsion following growth, x 417 magnification
Plate 5.2 fluorescence microscopy of S. enteritidis PT4 stained with Acridine Orange
following incubation (shaking) at 37°C for 18 h in a 15% hexadecane/Brij 35 
emulsion following growth, x 417 magnification
Plate 5.3 scanning electron microscopy of a freeze fractured sample of S. enteritidis
PT4 cells (arrowed) following incubation (shaking) at 37°C for 18 h in a 
15% hexadecane/Brij 35 emulsion ( Bar = 1 pm)
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5.6 Conclusion and summary
Growth of bacteria in an emulsion is slightly affected by the presence of dispersed oil droplets when 
compared to growth in the aqueous phase with no dispersed phase present. An increased lag phase was 
observed with growth of S.enteritidis in both hexadecane/Brij 35 and lecithin/sunflower oil emulsions 
when shaken during incubation. However, no distinct difference in growth rates was observed between 
individual emulsions containing increasing amounts of dispersed oil phase which agrees with the work 
of Rosenow & Marth (1987).
The growth of S. enteritidis PT4 may cause an emulsion to flocculate and cream during incubation and 
cause a decrease in the growth rate of those bacteria which may be trapped in the upper cream layer. It 
is evident from investigations that bacteria are solely isolated in the aqueous phase of the emulsion and 
are closely associated with the oil droplets as reported by Brocklehurst et al. (1995). Motile bacteria are 
capable of migration within an emulsion system but may be hindered by compacted droplets in 
emulsions containing higher levels of oil phase such as the creamed layer of an emulsion.
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6.0 Thermal inactivation of S. enteritidis in model emulsion foods
6.1 Thermal death in milks and creams
Thermal inactivation of S. enteritidis in the food emulsions, milk and cream, was previously 
investigated in Chapter 2. However, other chemical constituents could influence the sensitivity of S. 
enteritidis cells during heating. Muys, (1971) reported that the chemical constituents of the aqueous 
phase in oil-in-water emulsion foods such as mayonnaise were important in influencing the survival of 
Salmonella typhimurium and Salmonella bredeny at 20°C.
Moats et a l  (1971) investigated the survival of Salmonella anatum in phosphate buffer containing 
various food chemical constituents including amino acids, sugars and salts. Salmonellas were reported 
to be less sensitive to heat in trypticase soy broth (TSB) and in whole milk than those cells suspended 
in buffers with equal a%, containing lactose, casein and amino acids, suggesting an increased sensitivity 
to heat in these latter solutions.
Chemical constituents in milk and cream, other than fat, such as proteins, casein protein complex and 
lactose, could affect the sensitivity of S. enteritidis cells during heating. Model emulsions developed in 
Chapter 3 were therefore used to investigate the effect of dispersed fat alone in emulsions on the 
survival of S. enteritidis cells.
6.2 Impedance microbiology
Impedance or conductance is one of the earlier electrochemical techniques applied in detecting bacteria 
in foods (Swaminathan & Feng, 1994). Impedance can be defined as the resistance to flow of an 
alternating current as it passes through a conducting material. If two metal electrodes are immersed in a 
conductive medium the test system behaves as a resistor and capacitor in series, or, as a conductor and
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capacitor in parallel (Warburg 1899,1901). The impedance (Siemens, S) of a series combination can be 
calculated using the following equation:
1/(2 n F Q ^  and R = l / G
Where the application of an alternating current which is also dependent upon the impedance (Z) of the 
system in turn is a function of its resistance (R) or conductance (G) capacitance (C) and frequency 
applied (F).
The microbial metabolism usually provokes an increase in both conductance and capacitance. This 
causes a decrease in the impedance of the system and consequent increase in current flow. Ur and 
Brown (1975), proposed that the accumulation of metabolites in a bacterial culture altered the electrical 
impedance and the magnitude of this impedance could be measured at 10 kHz. Using this equipment it 
was demonstrated that the changes in magnitude of the impedance was related to the initial numbers of 
viable bacteria introduced into the culture media and their subsequent rate of growth and these changes 
could be observed in hours rather than in days.
As bacteria grow in the culture medium, their metabolic activities cause changes in the chemical 
composition of the growth medium. These changes can be continuously monitored using electrodes to 
measure impedance on an alternating current flowing through the medium (Fung, 1991, Hartman et a l, 
1992). Substrates in the growth medium are generally weakly charged or uncharged, but as they are 
utilized by bacteria they are transformed into highly charged end products, for example, the conversion 
of glucose to lactic acid. Other examples of end products capable of changing the electric properties of
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the growth medium include fatty acids, amino acids and other organic acids. This transformation in the 
growth medium can cause a corresponding increase in conductivity (Silley & Forsythe, 1996).
In practical terms the impedance system can be described as measuring the net changes in impedance in 
the culture medium at regular intervals. When the number of bacteria reaches a certain level, the 
impedance changes sufficiently to be detected. This level is determined to be around 10  ^ cfu/ml 
(Firstenberg-Eden, 1986). The time required to reach this threshold level is referred to as the detection 
time (DT) and is a function of the size of the initial bacterial population, the properties of the growth 
medium and the growth kinetics of the test organism (Silley & Forsythe, 1996). For a given test 
protocol the DT is proportional to the initial bacterial loading of the sample. The impedance system is 
capable of detecting the presence of viable bacteria at levels as low as 1 cfu/ well.
6.2.1 Applications of impedimetry
Earlier work on impedance was carried out in the dairy and food industry to monitor quality and 
potency of starter cultures, total bacterial counts and to determine the mesophilic and psychrotrophic 
counts in raw milk (O’Connor, 1978; Gnan & Luedeck, 1982; Asperger & Pless, 1994).
A major focus of the use of impedimetry has been used testing for Salmonellas. Mackey & Derrick 
(1984) studied the lag phase of injured Salmonella typhimurium using impedance measurements. 
Alexandrou et al. (1995) assessed acid injury in Salmonella enteritidis PT4 using impedance 
measurements. The prolonged DT observed when injured cells were tested was reported to be due to an 
extension in the lag phase of the bacteria and not 'as the result of delayed detection of growth of a 
small uninjured sub population.
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6.3 Bacterial cell surface lipopolysaccharides
Lipopolysaccharide (LPS), isolated from the outer membrane of the cell envelope of Gram-negative 
bacteria, denotes a molecular species or complex consisting mainly of polysaccharide but containing a 
significant proportion of attached or associated lipid. Although chemically different from phospholipid, 
LPS has physical properties that are sufficiently similar so that it can participate in forming a 
membrane: one end of the molecule is hydrophobic (Lipid A)and the other hydrophilic (O side chain).
The classical model for a bacterial Lipopolysaccharide was originally proposed by Luderitz and 
Westphal (1971) for the products from smooth “wild-type” strains of Salmonella as shown in Figure 
6.1.
(a) 0  SPECIFIC CORE REGIONS
SIDE CHAIN OUTER : INNER
(b)
LIPID  A
Figure 6.1 Architecture of a classical S-form LPS. (a) A complete stmctural unit
(b) A composite molecule with several structural units, not all of which need be complete
The structural unit of a complete (S-form) LPS is of a molecule composed of three covalently linked 
segments; side chain, core and lipid A, each with its own composition, biosynthesis and biological 
function. The side-chain is the serologically dominant part of the molecule, responsible for its O-
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antigenic specificity. It consists of repeating oligosaccharide units in which the serological 
determinants reside.
Lipopolysaccharides with a complete core are produced by smooth strains, semi-rough (SR) mutants, 
which are unable to polymerize the 0-specific oligosaccharide, and rough mutants (R) which are 
unable to synthesize or to attach the side chain. Other rough mutants produce LPS’s with defective 
cores to which the produced 0-specific side-chains cannot be transferred from the carrier lipid and 
remain as haptens. Rough mutants of Salmonellae and other Gram-negative bacteria have been shown 
to possess increased cell surface hydrophobicity due to increased exposure of LPS molecules following 
the loss of the side-chains.
6.4 Aims of this chapter
This chapter describes the effects of increasing dispersed lipid within an emulsion system by measuring 
Dss-values and injury of S. enteritidis cells in 6 different model emulsion systems using impedance 
microbiology and selective plating techniques. The influence of cell surface hydrophobicity (CSH) on 
the survival of bacteria within an aqueous - high fat environment was also investigated.
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6.5 Materials and methods
6.5.1 Bacterial culture
S. enteritidis cells were recovered from frozen beads stored at - 80°C (as in 2.5.2) and inoculated into 
10 ml of NBYG, pH 7.0 and incubated at 37°C for 18 h. After 18 h the culture, which had 
approximately 10  ^cfu/ml, was diluted to a concentration of 5 x 10^  in MRD.
6.5.2 Inoculation of food emulsion systems
2 ml of the above diluted culture was inoculated into 50 ml of a range of freshly prepared model food 
emulsions comprising 0, 5, 10, 15 and 20% hexadecane as the dispersed phase stabilized with 0.6% 
(v/v) Brij 35 surfactant (see Chapter 3). This mixture was then incubated shaken at 37°C for 18 h to 
produce a stationary phase inoculum with an approximate count of 10  ^cfu/ml of emulsion.
This procedure was repeated using freshly prepared emulsions with the following constituents:
sunflower oil (0 - 20% (v/v)) / Brij 35 (0.6% (v/v)) 
hexadecane (0 - 20% (v/v)) / Tween 60 (1.2% (v/v)) 
sunflower oil (0 - 20% (v/v)) / Tween 60 (1.2% (v/v)) 
hexadecane (0 - 20% (v/v)) / lecithin (2.4% (v/v)) 
sunflower oil (0 - 20% (v/v)) / lecithin (2.4 % (v/v))
The above emulsions were prepared in triplicate and inoculated with S. enteritidis cells for incubation 
and thermal inactivation studies.
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6.5.3 Thermal inactivation of S. enteritidis in modei food emuisions
2 ml of the above emulsion culture mixture was transferred into a conical flask, capped with a non­
adsorbent cotton wool, containing 38 ml of an identical fresh sterile model emulsion pre-heated to 
55°C ± 0.05°C which was continuously stirred using a magnetic flea (see 2.5.3). At timed intervals a 1 
ml sample was removed, serially diluted in 9 ml of MRD + Tween 80 (0.003% (v/v)) pre-cooled to 4- 
8°C. Samples not diluted were immediately placed into sterile empty vessels also cooled to this 
temperature. 0.1 ml of this dilution was then spread onto NA and incubated at 37°C and enumerated 
after 48 h.
D-values were calculated from the resulting survivor curves (see appendix). Percentage injury was 
calculated from the difference in the number of cells from the survivor curves of bacteria plated onto 
XLD and NA for both sunflower oil and hexadecane-in-water model emulsions stabilized by Tween 
60.
6.5.4 Determination of ceii injury by measuring extension of detection times using 
capacitance measurements
6.5.4.1 Bactometer caiibration curve
A  tenfold dilution series in MRD of S. enteritidis culture in NBYG was made in duplicate and 0.1 ml 
of each dilution was placed in a Bactometer Disposable Module (bioMérieux Vitek, Inc. 99052) well, 
containing 1 ml of Bactometer General Purpose Plus Medium (BGPPM; Wilkins-Chalgren anaerobe 
broth (Oxoid CM643) 33g/l, gelatin (Oxoid L8) 8g/l, bacto agar (Difco 0140-DI) 0.3 g/1, ammonium 
sulfate (GPR 27202) 1 g/1, calcium chloride (Fisons C l500/50) 0.1g/1, sodium bicarbonate (Sigma S- 
8875) 1 g/1). The capacitance detection time was measured in a Bactometer Model 120SC (Bactomatic,
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Inc. USA), connected to a Microbial Monitoring System Model 123 (bioMérieux Vitek, Inc.). The 
incubation of bacteria in the module was controlled at 37°C.
Culture enumeration was performed by plating 0.1 ml of the same dilution used to inoculate the 
Bactometer well onto NA and incubating at 37°C for 48 h. This procedure was repeated replacing the 
wild strain with the mutant rough strain.
6.S.4.2 Bactometer determinations
Thermal inactivation studies were carried out using the protocol as used in 6.3.3 for S. enteritidis 
(wild) and S. enteritidis (mutant) in NBYG. Each sample extracted during heating used to inoculate 
NA and XLD plates was also used to inoculate at least 2 Bactometer wells. The bactometer module 
was then placed into the bactometer incubated at 37°C until all the wells recorded a DT.
6.5.5 Thermai inactivation of bacteria possessing different CSH vaiues to 
S. enteritidis in modei food emuisions
Citrobacter freundii and Proteus vulgaris, found to possess higher and lower CSH than S. enteritidis 
respectively (see Chapter 3), were subject to heat at 55°C ± 0.05°C in a range of hexadecane/Brij 35 
model emulsions with increasing concentrations of dispersed phase from 0 to 20% hexadecane. D 5 5 -  
values were determined from survivor curves to determine if the CSH of bacteria within an emulsion 
influences its sensitivity to heat. Thermal inactivation at 55°C was also carried out on S. enteritidis 
mutant, (R) strain known to possess an increased hydrophobic characteristic as a comparison to S. 
enteritidis wild type in a range of sunflower oil/ Tween 60 emulsions.
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6.6 Results
6.6.1 Thermal inactivation of S. enteritidis in model food emuisions
The plot of Dss-values in hexadecane-in-water emulsions stabilized by Brij, Tween and lecithin 
surfactants are shown in Figure 6.2. No Dss-values could be determined using lecithin due to emulsion 
separation. The control Dss-value of S. enteritidis in NBYG with no surfactant and no dispersed phase 
present was 7.54 min. When surfactant was added to NBYG a decrease in Dgg-value was observed both 
with Tween 60 and Brij 35, with Brij 35 showing the greatest decrease. When an emulsion was formed 
by the addition of hexadecane to the system an increase in Dss-value was observed. With Brij 35, an 
increase was observed from 2.15 min with no hexadecane present to 5.57 min with 20% (v/v) 
hexadecane. The addition of hexadecane in the presence of Tween 60 caused an initial decrease in the 
Dss-value to 1.53 min with 5% (v/v) hexadecane followed by an increase in Dss-value peaking at 3.23 
min at 15% (v/v) hexadecane then slightly decreasing to 2.86 min with 20% (v/v) hexadecane.
Replacing hexadecane with sunflower oil did not dramatically influence the Dss-values of S. enteritidis 
within the emulsions (Figure 6.3), however, the additional emulsifying properties of free fatty acids in 
sunflower oil (see 3.8.4.1) did enable Dss-value determinations to be carried out in an emulsion system 
stabilized with lecithin.
An initial decrease in Dss-value was observed with both surfactants when added to the emulsions 
followed by an increase in Dss-value with Brij 35 from 5 to 15% (v/v) sunflower oil. The addition of 
sunflower oil to the Tween 60 stabilized emulsion also caused an initial further decrease in Dss-value 
followed by an increase in Dss-value peaking at 3.23 min at 15% (v/v) sunflower oil. A final slight 
decrease in Dss-value was observed with both surfactants when 20% sunflower oil was used possibly 
due to emulsion instability at this concentration.
1 0 8
When comparing the Dss-values between hexadecane and sunflower oil with Tween 60 the Dss-values 
were lower in the sunflower oil-in-water emulsion than in the hexadecane-in-water emulsion possibly 
due to the effects of free fatty acids within the emulsion mixture.
Dss-values determined using a lecithin stabilized emulsion also showed an initial decrease with the 
addition of the surfactant and a further decrease as sunflower oil was added. However, after the 
addition of 10% (v/v) sunflower oil, S. enteritidis cells were not recovered following thermal 
inactivation suggesting a greater lethal effect with either lecithin or sunflower oil.
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Figure 6.2 Mean Dss-values of S. enteritidis in a hexadecane-in-water emulsion stabilized by the 
surfactants Brij 35, Tween 60 and lecithin
Numbers in parenthesis indicate 95% confidence limit of the mean of 3 replicates of D ^
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Figure 6.3 Mean Dss-values of S. enteritidis in a sunflower oil-in-water emulsion stabilized 
by the surfactants Brij 35, Tween 60 and lecithin.
Numbers in parenthesis indicate 95% confidence limit of the mean of 3 replicates of 
The time required for successive log reductions of S. enteritidis cells given in Table 6.1 were 
calculated from the mean plots of survivor curves in various model emulsions (see appendix ). Each 
time listed indicates the decrease in the number of survivors by 1 log. In general it can be determined 
that as the concentration of oil is increased within the emulsion the time required for successive log 
reductions also increases for each log number as we read across the table. The decrease in time given 
for successive log reduction occurs at a concentration of 20% again due to emulsion breakage at this 
concentration.
Survivor curves of S. enteritidis cells (see appendix) displayed tailing to some degree depending upon 
the concentration of dispersed oil present. The extent of tailing of survivor curves tended to increase as 
the concentration of dispersed oil increased. This observation is confirmed by the correlation 
coefficients given in Table 6.3 which indicate a greater deviation from linear regression in emulsions 
containing higher concentrations of dispersed oil.
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Table 6.1 Time taken for successive log reductions (min) in hexadecane and sunflower oil model 
emulsions stabilized with Tween 60 and Brij 35.
Log No. Brij - 35 % sunflower oil % hexadecane
0 5 10 15 20 0 5 10 15 20
7
6 2.38 6.11 5.92 10.0 3.85 2.38 2.84 3.03 5.33 2.61
5 5.18 8.51 10.27 16.57 8.37 5.18 4.77 6.65 8.45 4.41
4 7.15 11.2 13.03 25.83 13.98 7.15 7.84 9.74 12.13 7.16
3 11.19 14.35 15.83 29.9 19.44 11.19 15.62 14.33 16.63 16.13
2 16.0 18.79 20.27 34.81 26.01 16.0 18.19 21.78 25.18 19.70
Log No. Tween 60 % sunflower oil % hexadecane
0 5 10 15 20 0 5 10 15 20
7
6 2.8 3.1 4.5 5.0 2.3 2.8 2.64 2.32 2.79 3.13
5 5.2 5.6 7.54 8.6 4.2 5.2 3.44 4.39 5.46 4.71
4 8.4 6.6 8.9 10.0 6.0 8.4 4.41 5.46 6.97 6.98
3 10.6 7.6 11.4 11.6 7.6 10.6 5.72 7.09 8.13 9.08
2 14.2 8.8 15.08 14.0 9.2 14.2 7.56 9.83 12.79 11.26
Table 6.2 Correlation coefficients (r^) for survivor curves of S. enteritidis in various model
emulsions
Concentration dispersed oil phase % (v/v)
dispersed oil/
Surfactant 0 5 10 15 20
sunflower oil/ 0.9813 0.9672 0.9449 0.9151 0.9202
Tween 60
hexadecane/ 0.9813 0.9638 0.9485 0.8643 0.8989
Tween 60
sunflower oil/ 0.9856 0.9615 0.9454 0.9476 0.9373
Brij 35
hexadecane/ 0.9856 0.9718 0.9671 0.9490 0.9239
Brij 35
sunflower oil/ 0.9327 0.9114 0.99 0.9605 _
lecithin
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The mean percentage of survivors which are injured during heating, calculated by detecting the difference 
in the number of cells plated on a selective and non-selective agar, in a range of model emulsions are 
given in Figures 6.4 and 6.5. From such plots it can be observed that as the concentration of sunflower 
oil and hexadecane is increased the time required to achieve greater % injury of cells also increases. The 
maximum concentration of 20% sunflower oil and hexadecane present produced the least injury to the 
cells indicating a possible protective effect. In the majority of the plots the % of injured cells declines 
after a peak as heating progresses due to the fact that the cultural count failed to detect cells at very low 
concentrations.
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Figure 6.4 Percentage injuiy of .V. enterUidis plotted against heating time in model emulsions
containing increasing concentrations of sunflower oil stabilized with Tween 60 (1.2% (v/v))
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Figure 6.5 Percentage injury of S. enteritidis plotted against heating time in model emulsions
containing increasing concentrations of hexadecane stabilized with Tween 60 (1.2% (v/v))
6.6.2 Bactometer calibration curve
Detection times and culturable count obtained with each sample from the heat challenge were plotted 
alongside the calibration curve obtained with healthy cells (Figure 6.6). The equation o f the calibration 
curve obtained with healthy cells was: y= - 0.903x + 8.913
Healthy cells, sampled at time zero had a DT on the calibration time indicating that the calibration curve 
was correctly determined (results not shown). Once heating commenced however, survivors were heat 
injured and produced a detection time greater than those for an equal number of cells not injured by 
heat. Hence the extension of DT can be used as a measure of injury.
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Figure 6.6 Detection time and NA counts □  of heat treated S. enteritidis compared with a 
calibration curve for healthy cells •
6.6.3 Selective and non selective media results Vs bactometer results
To monitor death and injury by a differential plating technique, XLD and NA media were used. NA 
can support the growth of uninjured and injured cells, while XLD can only support the growth of 
uninjured cells. The difference in counts between those cells plated on NA and XLD was used to 
calculate the percentage of injured cells. Heat injured cells that had outer membrane damage and were 
plated onto XLD plates were sensitive to deoxycholate, the selective agent present in XLD, and were 
therefore unable to grow and form visible colonies.
The numbers of colonies obtained from heated cells plated on NA and XLD are compared to the 
extension of detection time measured are givenin Figure 6.7. The extension of the DT is the difference 
between the DT value expected for a certain number of microorganisms using the calibration curve 
equation for healthy cells (6.4.2) and the DT actually measured for number of cells. It is possible to
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observe that the largest recording of extension of DT is at 20 min. At this point the greatest difference 
m counts between NA and XLD is also visible. Calculation of % injury from Figure 6.8 was used to 
plot the comparison between % injury and extension of DT. It can be seen that the curves follow the 
same shape indicating that both methods may be measuring the same thing. However, it is also 
apparent that the extension of the detection time measures injury longer than can be measured using the 
differential plating technique. At 40 min of heating the selective plating technique indicates that there 
were no injured cells, indicating at this heating time all cells sampled were dead. However, the 
bactometer indicates that some viable cells were present by the measurement of a DT.
6.6.4 Comparison of % injury and extension of DT in S. enteritidis wiid and 
rough strains
Percentage injury and extension of DT of S. enteritidis wild and rough strains are given in Figure 6.8. 
The shape of the line showing % of injured cells follows a similar pattern of increasing to a level of 
injury then leveling out. However, it can be observed that the initial rate of increase in % injury in the 
rough, mutant strain exceeds that of the wild strain of S. enteritidis and the level of injury remains 
higher than the wild strain once peaked.
The extension of DT measured for two different strains used shows that the rough strain used gave 
higher DT’s than the wild strain of S. enteritidis. This indicates that cells of the rough strain of S. 
enteritidis possessed greater injury than the wild strain of S. enteritidis cells. This confirms the higher 
% of injury calculated using the differential plating technique.
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Figure 6.7 Survivors Log,o(cfu/ml) on NA and XLD plotted against the extension of DT (EiTor
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Figure 6.8 Comparison of % injury and extension of DT in S. enteritidis PT4 wild and mutant 
strains
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6.6.5 Thermal inactivation of bacteria possessing different CSH vaiues 
to S. enteritidis in modei food emuisions
The Dss-values for P. vulgaris and C. freundii calculated from survivor curves (see appendix) in a 
sunflower oil emulsion are compared with those of S. enteritidis in Table 6.3. The comparatively high 
degree of CSH possessed by P. vulgaris did not appear to influence its survival during heating within a 
high lipid environment. A slight increase in Dss-value was observed as the concentration of sunflower 
oil was increased, which was more pronounced with S. enteritidis. No great difference in Dss value 
was observed when compared with C. freundii which possessed a much lower CSH suggesting that 
CSH does not appear to influence survival in a high lipid medium such as the model emulsion system 
used. The fact that only a slight increase in Dss-value occurred may indicate the difference in 
sensitivity to Brij 35 was more pronounced in these two genera of bacteria than found in the genus 
Salmonella.
Table 6.3 Dss-values for P. vulgaris and C. freundii compared with S. enteritidis in a Tween 60 
(1.2% (v/v)/sunflower oil-in- water model food emulsion system
% Sunflower oil C. freundii 
(lower CSH)
Dss-value (min)
S. enteritidis 
(wild smooth strain)
P. vulgaris 
(higher CSH)
0% 0.99 4.08 1.53
5% 0.55 2.33 0.85
10% 0.71 3.64 0.84
15% 0.60 3.73 0.89
20% 0.51 2.73 0.64
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The Dss-values of both wild smooth and mutant rough (Figure 6.9) strains of S. enteritidis are given in
Table 6.4. The rough strain is less sensitive to heat in NBYG giving a Dss-value of more than 1 min
higher than the wild strain. The presence of Tween 60 and the additional increase in sunflower oil
increases the mutant strains sensitivity to heat reducing its Dss-value. The ‘recovery’ in Dss-value was
0)1
also observed with the rough strain after 1 0 ^  indicating that the sunflower oil did produce a protective 
effect after this concentration of sunflower oil.
8 l h
I
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6030 40 5010 200
Heating Time (min)
•  NBYG o NBYG + Tween 60 ■ NBYG + Tween 60 + 5% sun oil x NBYG + Tween 60 + 10% sun oil
Figure 6.9 S. enteritidis rough survival curves in NBYG and in a Tween 60 (1.2%(v/v)) 
sunflower oil-in-water emulsion system with linear regression fitted, arrows 
indicates below the limit of detection
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Table 6.4 Dss-values of S. enteritidis mutant rough strain and smooth wild strain
Dss-value (min.) 
S. enteritidis (wild, smooth) S. enteritidis (mutant, rough)
NBYG 7.54 8.88
NBYG + Tween 60 4.08 7.74
NBYG + T60 + 5% sunflower oil 1.53 3.41
NBYG + T60+10% sunflower oil 2.18 2.49
NBYG + T60 +15% sunflower oil 3.23 3.56
NBYG +T60 + 20% sunflower oil 2.86 3.00
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6.7 Conclusion and summary
Overall, S. enteritidis cells were more sensitive to heat in all the model food emulsion types tested 
regardless of the dispersed phase used when compared to the control NBYG. The surfactant type used 
in stabilizing the emulsions also influenced the cells sensitivity to the heat applied. All three 
surfactants increased the sensitivity of S. enteritidis cells during heating, with Brij 35 being the most 
potent followed by the two food-grade surfactants Tween 60 and lecithin. The addition of the dispersed 
phase to the broth/surfactant mixture influenced the survival of cells depending on which surfactant 
was used. It was observed that the Tween 60/sunflower oil and Tween 60/hexadecane emulsions 
induced cells to become more sensitive to heat. While the Brij 35/sunflower oil and Brij 35/hexadecane 
emulsions caused the cells to be more sensitive to heat, they were less potent than with Tween 60. The 
effect of lecithin on the survival of S. enteritidis cells was difficult to measure due to emulsion 
separation during heating.
Sensitivity of S. enteritidis cells to heat was reduced, cell survival was increased and cell injury was 
reduced as the concentration of dispersed phase was increased agreeing with the work of Bradshaw et 
al. (1987) and Warburton et al. (1993). The explanation for this increase in survival with an increase 
in concentration of dispersed phase may be due to the dispersed phase droplets ability to adsorb the 
surfactant or other active components from the surrounding environment and hence reducing the anti 
bacterial effect of the surfactant. It is evident that what was thought a simple emulsion system 
comprising simple ingredients, behaved as a complex medium when used as a menstruum for studying 
thermal inactivation of microorganisms.
It is evident that the tailing of survivor curves occurred during heating in all of the emulsion systems ( 
see appendix). An increase in tailing occurred as the concentration of dispersed phase was increased as 
measured by the correlation coefficient (r^-values). This may indicate the effect of environment upon 
cells during heating in which a population of cells may be subject to a non homogenous environment
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which increased cell survival causing a population of cells to be detected a significant time after the 
‘main’ population of cells. Tailing may also indicate the presence of a subpopulation of cells which 
possessed a greater resistance to heat, or, the resistance of a population to heat changing during 
heating.
Cell surface hydrophobicity (CSH) did not appear to increase survival of bacteria when heated in an 
emulsion system. However, the CSH of bacteria possessing a high degree of hydrophobicity can 
increase its survival during heating in a liquid medium due to clumping. The presence of surfactant 
within an emulsion system may reduce this causing cells to become dispersed reducing their survival 
when heated.
Impedance microbiology is an effective method for measuring injury in heated cells. Generally the 
agreement between selective plating and electrical DT is good, but the relationship between these 
methods depends on the type of microorganisms and their physiological state (Firstenberg-Eden, 1986). 
Injured cells were still being detected by the Bactometer after detection of injured cells using 
differential plating ceased. The probable cause for this explanation is because of the loss of ability for 
heated injured cells to grow on solid media, but these injured cells may still be able to grow in liquid 
medium. Mackey & Derrick (1984) reported that heat injured cells suffer a general loss of ability to 
grow on solid media, but recover ability to do so during incubation in liquid.
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7.0 The effect of surfactants on S. enteritidis cells during heat challenge In a 
model food emulsion
7.1 The theory of surfactant toxicity
Surfactants used to stabilize model emulsions in Chapter six were found to be antagonistic towards S. 
enteritidis cells during heating, inducing them to become more sensitive to heat. The addition of Brij 
35 and Tween 60 resulted in a decrease in Dss-value from 7,54 min in the control NBYG to 2.15 and 
4.08 min respectively, indicating an increased potency from the non-foodgrade surfactant Brij 35.
As dispersed phase concentration in the emulsion was increased the sensitivity of S. enteritidis cells 
was reduced resulting in increases in Dss-value. This increase of dispersed oil and consequent increase 
in surface area may have increased the binding of excess surfactant molecules to the oil droplets 
which in turn reduced the concentration of unbound toxic surfactant within the aqueous phase. This 
reduction in the exposure of S. enteritidis cells to the potent surfactant subsequently increased cell 
survival. As the concentration of dispersed oil phase is increased, however, the surfactant, whose 
concentration remains constant, becomes a limiting factor causing the creaming and eventual 
separation of the model emulsion as seen at 20% (v/v) (Figure 7.1).
a b
Figure 7.1 a) excess free surfactant toxic to bacteria in the aqueous phase and formation of 
micelles b) increase in dispersed phase reduces the amount of unbound toxic surfactant in 
the aqueous phase, c) further increase in dispersed phase with limited surfactant induces 
emulsion breakage.
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The solubility of surfactant within a phase may determine the degree of ‘mopping up’ of the surfactant 
by the increase of the dispersed phase. If the surfactant possesses a greater affinity for the dispersed 
phase of the emulsion it is then likely that the oil phase will possess a higher concentration of 
surfactant than the aqueous phase and the sensitivity of cells to heat will be reduced.
However, when the dispersed phase was added to form an emulsion in Chapter 6, initially with 5% 
(v/v), a further increase in sensitivity to heat was observed with Tween 60 but not with Brij 35, 
suggesting further potency of Tween 60 with sunflower oil or hexadecane. This increased potency, 
when compared to Brij 35, may reflect the heterogeneous nature of Tween 60 comprising a mixture of 
components rather than a single molecular species (Figure 3.3). For example. Tween 60 components 
present as micelles within the aqueous phase may not behave antagonistically towards S. enteritidis 
cells in the absence of oil. Addition of oil or hexadecane to this system may present active toxic 
components of the bulk surfactant mixture to cells on the oil droplet surface increasing cell sensitivity 
to heat.
7.2 Antimicrobial action of detergents
A number of surface active agents or detergents obtained from various chemical and drug firms, have 
been tested for their bactericidal effects on the skin (Price, 1951). None of these products reduced the 
cutaneous flora any more rapidly than ordinary soap and many were irritating and harmful to the skin. 
Most non-ionic surfactants were found to have an inhibitory effect on the succinic dehydrogenase 
activity of Pseudomonas tularensis, polyoxyethylene ethers being more potent than the ester 
derivatives (Shinoda, 1967). Some surfactants, among them Tween 80 and 85 were found to stimulate 
the growth of Tetrahymena pyriformis, a ciliate protozoan, whereas others, including Tween 60 and 
Span 60 (sorbitan monostearate) inhibited it (Kidder et al., 1954).
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Surfactants have been found to increase the antiseptic effect of ointments. Gregg & Zopf (1951)
showed that the bacterial potency of hexachlorophene is increased in the presence of Tween 80
(polyethene sorbitan mono-oleate) suggesting that the surfactant may have increased the rate of
diffusion of the antiseptic agent from the ointment’s base oil. Some workers have found that
surfactants can increase skin penetration when incorporated in emulsion bases. Other hypotheses
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which have been proposed^explain the increased effect of antiseptics in presence of surfactants are :
a) chemical combination between the surfactant and the antiseptic may form a more active product.
b) the surfactant may facilitate penetration of the antiseptic into the bacterial cell membrane.
c) the surfactant may promote the concentration of the antiseptic on the bacteria (Reddish, 1954).
It is possible therefore that the presence of a surfactant or dispersed oil or combination of the two may 
influence the sensitivity of bacteria in some way to affect survival when heated.
7.3 Démulsification
The practice of breaking stable emulsions or phase inversion of emulsions and their removal occurs in 
various industrial practices, including the petroleum industry for removing unwanted water in oil-field 
emulsions and in the production of butter in the dairy industry. Many different techniques are 
employed to carry out démulsification, the choice of which is dependent upon the product and the cost 
of separation.
There are four major methods of separating the oil component from emulsions. These are:
Chemical processes:
la) Acid cracking per se in which the oil is separated out in the form of a sludge or “magma” 
following the lowering of pH by the addition of an acid, such as used in the wool industry.
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lb) Acid cracking as a subsidiary to calcium salt precipitation, whereby the addition of various metal 
salts, e.g., magnesium, calcium etc., has been proposed. Although careful control of the relative 
concentrations of cations should make this a satisfactory method, such control is often difficult to 
achieve in process (Becher 1965).
These chemical techniques usually involve the complete breakdown of the oil or grease component of 
the emulsion rather than separating it into distinct phases.
Mechanical processes:
2) Centrifugation is used in the dairy industry for the separation of the butter milk fat from milk to 
produce creams and reduced fat milk products.
3) Froth flotation where vigorous agitation or the use of compressed air in the emulsion is employed 
forming a stable froth. The froth, rich in oil, is then continuously skimmed from the surface giving a 
fairly satisfactory separation.
4) Electrolysis of the emulsion where charged droplets of oil discharge themselves on iron electrodes 
which is further accelerated by the iron ions formed by the electrolysis. Hydrated iron oxide is 
formed, the whole mass precipitates, and is readily removed by filtration (Becher 1954).
7.4 Aims of this chapter
The aims of this chapter were to investigate the theory of the ‘mopping up’ or ‘soaking’ effect of the 
surfactant Tween 60 by sunflower oil in an emulsion and to determine its effect upon cell survival. 
This was determined by measuring the partitioning of Tween 60 between the oil and aqueous phase of 
the emulsion. Subsequent heat challenge of S. enteritidis cells within each partitioned phase was then
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performed to determine if toxic components of Tween 60 possessed a greater affinity for the oil phase 
suggesting a ‘soaking’ effect.
Chemical fractionation of Tween 60 was also earned out and S. enteritidis cells were subject to heat 
challenge at 55°C in Tween 60 recovered separately in organic and aqueous fractions to simulate the 
partitioning of surfactant within an emulsion system. The sensitivity of cells to Tween 60 was also 
determined by counting the number of cell within each phase at room temperature and following heat 
challenge at 55°C.
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7.5 Materials and methods
7.5.1 Emulsion breakage using centrifugation
A 40 ml sample of a 5% sunflower oil emulsion stabilized with Tween 60 1.2% (v/v) was equally
C f7,ee> 0Q )
distributed among two 25 ml centrifuge tubes. These were centrifuged at 18,000 rpm for 1 hour (MSB 
Hi-Spin 21) at 4°C. Further spins were carried out at 20,000 and 25,000 rpm to facilitate emulsion
^33j0£>0 )^ CLk\,ooOQ)
separation. Following centrifugation the two separate phases were carefully removed using a Pasteur 
pipette.
7.5.2 Temporary emulsion system
A simple method was devised to produce an emulsion system that could be easily separated once 
prepared. The temporary emulsion system was created by the use of a high speed vortex propelled by 
a magnetic stirring mechanism (Figure 7.2).
1
Figure 7.2 Temporary emulsion apparatus. 1) 38 ml of 5,10,15,20% sunflower oil-in-NBYG +
1.2% Tween 60 temporary emulsion, 2) water jacket at 55°C, 3) Combined heater and 
stirring mechanism
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The high speed vortex created by the flea and magnetic stirring mechanism, in effect, replaced the 
impeller used in a simple blender. This provided an effective shear to produce an emulsion, albeit 
temporary, but not efficient enough to produce an emulsion that would be difficult to demulsify. The 
emulsion was continuously stirred and heated at a temperature of 55°C to simulate heat challenge 
conditions. When a separated emulsion was required the stirring mechanism was switched off and the 
mixture was left to stand at 4°C for 30 min. Once the two phases had separated each was carefully 
transferred to a sterile container using a micropipette for further work.
7.5.3 Bacterial culture
S. enteritidis cells were recovered from frozen beads stored at - 80°C (as in 2.5.2) and inoculated into 10 
ml of NBYG, pH 7.0 and incubated at 37°C for 18 h. After 18 h 2 ml of this culture was used to inoculate 
50 ml of NBYG and 50 ml of NBYG + Tween 60 (1.2% (v/v)). Each was incubated for 18 h at 37°C to 
give an approximate count of 10  ^cfu/ml.
7.5.4 Dss-value determinations in separated emulsion phases
Thermal challenge of S. enteritidis cells was carried out in triplicate at 55°C in the following separated 
emulsion phases:
a) in 38 ml of the aqueous phase removed from the separated temporary emulsion.
b) in 38 ml of an emulsion prepared in the Waring blender using fresh NBYG and the dispersed oil phase 
removed from the temporary emulsion. No further Tween was added to this mixture. This experimental 
protocol is simplified in Figure 7.3
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Temporary emulsion system 
at 55°C for 40 min
Stand chilled for 30 min
Remove aqueous 
phase
Stand chilled for 30 min
Remove dispersed
Reconstitute with 
aqueous phase and 
form emulsion.
Evaluate Dr^-values
Figure 7.3 Protocol for the separation of a model sunflower oil emulsion and heat challenge of 
S. enteritidis cells at 55°C in the separated emulsion phases
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7.5.5 Recovery and enumeration procedure
Heating menstruum samples were removed at timed intervals during heating. Where necessary 1 ml 
volumes were added direct to MRD + Tween 80 and further diluted tenfold prior to 0.1 ml spread 
plating on NA. Neat samples were dispensed into pre-cooled universals (4-8°C) to cool. All plates 
were incubated for 48 h at 37°C and enumerated following incubation.
7.5.6 Statistical analysis
Linear regression lines were fitted together with correlation coefficients (r^) to gauge degrees of 
linearity in survivor curves.
7.5.7 Effect of surfactant on the count of S. enteritidis cells In an emulsion at 
room temperature and at 55°C
A culture of S. enteritidis cells grown in the presence of Tween 60 was prepared (7.5.3) 2 ml of this 
culture used to inoculate 50 ml of a 5% sunflower oil-in NBYG unblended emulsion mixture 
containing 1.2% (v/v) of Tween 60. A 1ml sample of this emulsion/bacteria suspension was 
removed for serial dilution in MRD + Tween 80 and enumeration on NA to calculate the initial cell 
count. This mixture was vortexed in apparatus, used to produce a temporary emulsion, at 25°C for 40 
min (Figure 7.4). After this time the stirring mechanism was switched off to allow the emulsion to 
separate into two distinct phases. A 1ml sample was carefully removed from each phase using a 
micropipette for enumeration (pre-heat count).
The remainder of this mixture was then transferred to another temporary emulsion apparatus pre­
heated to 55°C. for 25 min to simulate heat challenge. After this time the stirring mechanism was
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switched off and the emulsion was immediately cooled on ice for 5 min and allowed to separate. Once 
separated a 1 ml sample was removed from each phase and enumerated onto NA.
Sampling
Where necessary 1 ml volumes were added direct to MRD + Tween 80 and further diluted tenfold 
prior to 0.1 ml spread plating on NA. Neat samples were dispensed into pre-cooled universals (4-8°C) 
to cool. All plates were incubated for 48 h at 37 °C and enumerated following incubation
The above procedure was repeated using 10% and 15% sunflower oil-in-NBYG + Tween 60 
(1.2%(v/v)) emulsion. Each procedure was duplicated so a mean cell count could be determined for 
each emulsion type used.
7.5.8 Chemical fractionation of Tween 60
A 2 g weighed sample of Tween 60 was placed into a 100 ml glass separating funnel containing 20 ml 
of hexane (BDH Chemicals) and 20 ml of sterile distilled water. This mixture was shaken vigorously 
for 1 min. and left to stand until two distinct visible phases could be observed. Each phase was then 
separated into two pre-weighed glass beakers for storage. The lower aqueous phase was then freeze 
dried overnight to remove the water and the upper hexane phase was evaporated at 30-40°C using a 
rotary evaporator. The recovered aqueous and organic fractions of Tween 60 were weighed and 
stored. This process was repeated several times to produce sufficient quantities of separated Tween 60 
required for further studies.
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7.5.9 Dss-value determination in fractionated Tween 60
To compare fractionation of Tween within an emulsion system, fractionation was carried out using a 
water and hexane phase as the two different solvents. A 2 ml culture of S. enteritidis cells grown up in 
the presence of Tween 60 (see 7.5.^) was subject to heat challenge at 55°C using heat challenge 
apparatus (Figure 2.4) in 38 ml of NBYG + 1.2% (v/v) of ‘organic’ Tween 60(hexane phase), and in 
38 ml of NBYG + 1.2% (v/v) of ‘aqueous’ Tween 60 (aqueous phase). Heat challenge was also 
carried out in 38 ml of NBYG containing 1.2% (v/v) of a 1:1 mixture of recombined ‘organic’ and 
‘aqueous’ Tween 60 to compare with the original non-adulterated Tween 60.
Heat challenge at 55°C was also carried out in 38 ml of 5% sunflower oil-in-NBYG emulsion, one 
stabilized with 1.2% (v/v) ‘organic’ Tween 60 and the other stabilized with 1.2% (v/v) ‘aqueous’ 
Tween 60. Sampling and enumeration of S. enteritidis cells during heating was carried out as detailed 
in 7.5.5. .
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25°C
Remove emulsion 
to room temp to 
allow phase 
separation
Transfer remainder of 
oil/NB Y G/Tween 60/ 
S. enteritidis mixture 
to form temporary 
emulsion at 55°C>
Inoculate S. enteritidis cells 
into temporary emulsion (25°C)
1 ml oil phase
1 ml aqueous phase
INITIAL COUNT
Sample 1ml of initial 
bacterial culture for 
enumeration on NA
PRE-HEAT COUNT
Sample 1 ml from oil and 
aqueous phase for 
enumeration on NA
55°C Heat temporary emulsion 
+ S. enteritidis cells 
for 25 min at 55°C.
Remove emulsion 
and cool on ice 
for 5 min.
Allow phase 
separation
1 ml oil phase
1 ml aqueous phase
POST HEAT COUNT
Sample 1 ml from oil and 
aqueous phase for 
enumeration on NA
Figure 7.4 Protocol for investigating the influence of the surfactant Tween 60 on counts of
S. enteritidis cells in separated phases of an emulsion following heating at 25 and 55°C
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7.6 Results
7.6.1 Emulsion breakage using centrifugation
Clear separation of the model emulsion using centrifugal force could not be obtained. The emulsion 
did not form clear separate phases, instead, a gelled lower aqueous phase was formed which was 
unsuitable for further work. Lower speeds that were applied did not show clear visible separation of 
the model emulsion.
7.6.2 Heat challenge of S. enteritidis ceils in separated phases of an emulsion
Survival of S. enteritidis cells in separated phases of an emulsion was used to determine the affinity of 
Tween 60 and its ability to separate between each emulsion phase. Increased sensitivity to heat with 
Tween 60 in the re-emulsified oil phase would indicate a greater affinity for the dispersed phase of the 
emulsion , and similarly, an increased sensitivity to heat in the recovered aqueous phase would show a 
greater affinity towards the aqueous phase.
From the mean Dgg-values measured (Table 7.1) it can be determined that S. enteritidis cells 
suspended in the re-emulsified oil phase were slightly more sensitive to heat than those cells 
suspended within the recovered aqueous phase. This suggests a slightly greater affinity of Tween 60 
for the oil phase of the emulsion system. Dss-values of cells increased as the concentration of 
sunflower oil was increased from 2.33 to 3.75 min in the aqueous phase [recovered from a 0 and 20 % 
sunflower oil emulsion] respectively and from 2.66 to 3.01 min [re-emulsified from a 0 and 20% (v/v) 
sunflower oil emulsion] respectively.
The lower Dgg-values obtained with the re-emulsified oil phase suggests that the ‘mopping up’ effect 
of the dispersed phase has occurred and resulted in an increase in sensitivity of cells to heat. The
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higher Dss-values recorded with the recovered aqueous phase suggests a decrease in Tween 60 
concentration which resulted in a reduced sensitivity to heat.
The Dss-values observed within the recovered aqueous phase are almost identical to those recorded 
within the same model emulsion investigated in Chapter 6 . This supports the ‘mopping up’ theory of 
the surfactant which removes toxic components from the aqueous phase to the oil phase of the 
emulsion resulting in similar D^g-values.
Table 7.1 D^g-values and r  ^coefficients [in parenthesis] of S. enteritidis grown in the
presence of Tween 60 in removed aqueous phase and reconstituted oil phase of a 
previously separated model emulsion
% sunflower oil* removed aqueous 
phase
D5 5-value (min)
reconstituted oil 
phase^
model emulsion 
[data from Chapter 6 ]
5 2.33 [0.987] 2.66 [0.977] 233
1 0 3.34 [0.981] 2.26 [0.977] 3.64
15 3.70 [0.913] 2.94 [0.982] 3.73
2 0 3.75 [0.978] 3.01 [0.963] 2.73
* Concentration of sunflower oil in previous emulsion from which both phases were removed 
“ Concentration of reconstituted sunflower oil used to prepare emulsion
7.6.3 Effect of Tween 60 at 25° and 55°C
The difference in number of S. enteritidis cells was measured following incubation at 25 and 55°C to 
determine the number of cells, to estimate their location within the emulsion and to determine if the 
partition of Tween 60 between these two phases affected the number of cells within each separated
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phase. The difference in count of S. enteritidis cells following incubation in a temporary emulsion at 
25°C in the aqueous or oil phase did not differ markedly indicating that the presence of Tween 60 was 
not detrimental to cells at 25°C (Figure 7.5). However, it was noticed that the counts in the oil phase 
were slightly lower than those counts detected in the aqueous phase. This pattern was also observed 
when cell counts were measured following heat challenge in the temporary emulsion at 55°C.
Counts of S. enteritidis cells made after completing the same protocol in a temporary emulsion 
comprising 10 and 15% (v/v) sunflower oil were also found to be slightly lower in the oil phase of the 
separated temporary emulsion [data not shown]. This higher count of cells in the aqueous phase
Initial Count
aqueous phase
oil phase
Pre-heat Count
Post-heat Count
Figure 7.5 Logio(cfu/ml) count of S. enteritidis sampled from the oil and aqueous phases of a 
temporary emulsion following incubation and heat challenge at 25 and 55°C 
respectively. NB Initial count was determined from the emulsion as a whole and 
not from separated emulsion phases.
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may indicate an increased concentration of Tween 60 present in the oil phase of the separated 
emulsion or the possible movement of settling cells from the upper oil phase to the lower aqueous 
phase which was enhanced by gravitational force.
7.6.4 Fractionation of Tween 60 using hexane and water
Fractionation of the heterogeneous Tween 60 surfactant was performed to determine its partition 
between water and hexane and to compare this with the results obtained in the partitioning of the same 
surfactant within an emulsion system. Fractionation in hexane and distilled water gave a mean 
separation of 15% of the Tween in hexane and 81% in the water phase, which suggests a greater 
affinity of Tween 60 to water. Dgg-values measured during heat challenge of S. enteritidis cells in both 
organic and aqueous fractions of the recovered Tween 60 are given in Table 7.2.
S. enteritidis cells were markedly less sensitive to the organic fraction of Tween 60 than the aqueous 
fraction of Tween 60 when heated. The Dgg-value of cells obtained in the organic fraction of Tween 
60 was almost 8.0 min. which is greater than the control Dss-value of 7.54 min. in NBYG alone. The 
aqueous fraction gave a Dss-value of 5.81 min, more than 2 min lower than in the organic fraction. 
The higher Dss-value obtained within the organic separated Tween 60 suggests greater affinity of 
Tween 60 molecule or a component towards the aqueous separation. Thus it appears that components 
of the Tween differ in their ability to sensitize bacterial cells to heat. Those components that are more 
hydrophobic have far less ability in this respect.
However, when the separated fractions of Tween were used to produce stable emulsions with 5% 
sunflower oil and subsequent heat challenge the Dss-values are markedly similar. The recombination 
of the organic fraction and aqueous fraction of separated Tween 60 in a 1:1 mixture, production of a 
5% sunflower oil emulsion and subsequent heat challenge of S. enteritidis cells gave a Dss-value of
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1.80 min. The combined Tween 60 fractions clearly increased the sensitivity of S. enteritidis cells 
during heating at 55°C possibly indicating separated fractions are less potent towards S. enteritidis 
cells than the complete Tween 60 mixture.
Table 7.2 D55-values of S. enteritidis in hexane and water fractions of Tween 60 in NBYG and in a 
5% sunflower oil model emulsion
Dss-value (min) 
hexane fraction water fraction
NBYG 7.99 5.81
NBYG + 5% Sunflower oil 3.6 3.88
Control [NBYG only] 7.54
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7.7 Conclusion and summary
Tween 60 ex ists as a heterogeneous mixture of components which differ in their ability to influence 
the sensitivity of S. enteritidis cells to heat. These components did influence the sensitivity of cells to 
heat when recovered from the separated phases of a temporary model emulsion system. It would 
appear from the results that the partitioning of components of Tween 60 within the emulsion tend to 
possess a slightly greater affinity for the oil phase of the emulsion resulting in lower Dgg-values 
observed within this re-emulsified phase which supports the ‘mopping up’ theory of the surfactant 
from the aqueous phase within an emulsion which consequently reduces sensitivity to heat.
Tween 60 did not influence S. enteritidis cells when incubated at room temperature. Following 
thermal challenge at 55°C the Dss-value was slightly lower, by 0.45 min, in the oil phase of the 
sampled emulsion than in the aqueous phase of the emulsion. This may confirm the presence of 
greater affinity of components of the : ’ Tween 60 mixture within the separated oil phase of the 
emulsion which increased cell sensitivity during heat challenge.
However, when Tween 60 was separated using hexane and water it was evident that the Tween had a 
much greater affinity for the water than hexane as a solvent, and the aqueous soluble fraction gave a 
lower Dss-value in NBYG alone. However, when each extract was used to form a 5% sunflower oil 
emulsion, the Dss-values decreased as previously observed with the model emulsions in Chapter 6 .
This observed difference in partition of the Tween 60 measured in these two experiments may be due 
to differences in solubility in the two types of organic phases used. Differences in partition may have 
also occurred due to the different temperatures used within the two experiments. Partition of Tween 
60 within the temporary emulsion may have been affected by heating of the emulsion to 55°C. When 
chemical extraction was performed the two phases were not heated and remained at a room 
temperature of approximately 25 °C.
139
8.0 The influence of casein on the survival of S. enteritidis in skim milk
8 . 1  Composition of skim milk
The role of milk in nature is to nourish and provide immunological protection for the mammalian young. 
Colostrum is a more concentrated liquid which contains up to 25% total solids mainly proteinaceous in nature, 
secreted immediately following parturition. The milk of many mammals is used for human consumption 
including sheep, llamas, camels, reindeer, water buffalo and yaks, although the domestic cow is by far the most 
important in commercial terms. All milks contain specific proteins and fats which are easily digested and 
lactose, minerals, vitamins and other components which may have important roles. These are organized as 
follows: lipids in emulsified globules coated with a membrane, proteins in colloidal dispersion as micelles, and 
most minerals and all lactose in true solution (Jensen et al., 1991). The average composition of bovine milk is 
given in Table 8.1.
Table 8.1 Composition of bovine milk
Constituent Average Content (%) Normal Variation
Water 87.2 82.4 - 90.7
Fat 3.7 2.5 - 6.0
Solids - non-fat 9.1 6 .8 - 11.6
Protein 3.5 2.7 - 4.6
Casein 2.8 2.3 - 4.0
Lactalbumins and
Lactoglobulins 0.7 0.4 - 0.8
Lactose 4.9 3.5 - 6.0
Minerals 0.7 0.6 - 0.8
Total Solids 12.8 9.3 - 17.6
(adapted from Hurley, 1997)
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There are many factors that can affect milk composition such as breed variations, cow to cow variations, herd 
to herd variations - including management and feed considerations, seasonal variations, and geographic 
variations. Jersey and Guernsey milks, for instance, are noted for their higher fat content of 5.1 and 4.9% 
respectively, which is reflected in their richer, creamier taste and also in their higher economic value.
8.1.1 The milk fat globule membrane
Because of their spherical shape the oil droplets in milk are known as globules. Their size distribution can be 
measured by phase contrast microscopy, using a Coulter counter or by laser diffraction. Milk fat globules 
(MFG) fall into three overlapping size distributions: small with diameters below 1 pm, intermediate with 
diameters in the 3 to 5 pm  range, and large globules with a mean diameter of about 8 to 10 pm. However, a 
surprisingly large proportion of the total globule population, 70 to 90%, lies in the first group below 1 pm  in 
diameter (Walstra, 1969). These oil globules are covered by a very thin membrane, 8 to 10 nm in thickness. 
The native fat globule membrane (FGM) is comprised of plasma membrane of the secretory cell which 
continuously envelop :s the oil globules as they pass into the lumen. The major components of the native FGM, 
therefore is protein and phospholipid. The FGM decreases the lipid- serum (aqueous phase) interfacial tension 
preventing the globules from immediate flocculation and coalescence, as well as protecting them from 
enzymatic action. (Huang and Kuksis, 1967). The main milk lipids given in Table 8.2 are triglycerides which 
are composed of three fatty acids esterified to a glycerol molecule.
Milk fatty acids originate either from microbial activity in the rumen, and transported to the secretory cells via 
the lymph and blood, or from synthesis in the secretory cells (Kanno, 1990). Fatty acid composition of MFG 
membrane (MFGM) associated triglycerides differs from that of milk fat in that MFGM triglycerides contain 
considerably higher proportions of long-chain, saturated fatty acids (principally palmitate and stearate) 
(Kitchen, 1977).
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Small amounts of mono-, diglycerides and free fatty acids present in milk may be a product of lipolysis or 
simply incomplete synthesis (Jensen, 1995). Other classes of lipids include phospholipids (0.8%) which are 
mainly associated with the MFG , and cholesterol (0.3%) which is mostly located in the fat globule core, 
(Huang and Kuksis, 1967; Patton and Keenan, 1971).
Table 8.2 Lipid composition of cows’ milk lipid globule membrane preparations
Constituent Class % of Total Lipid
Triglycerides 62
Diglycerides 9
Monoglycerides Trace
Sterols 0.2 to 2
Sterol esters 0.1 to 0.3
Unesterified fatty acids 0.6 to 6
Phospholipids 26 to 31
% of total phospholipid
Phosphatidyl choline 36
Phosphatidyl ethanolamine 27
Sphingomyelin 22
(adapted from Keenan et al., 1988, and Patton and Keenan, 1975)
8 .1.2 Milk proteins
Bovine milk contains approximately 3.5% protein. The major proteins of milk are divided into two categories: 
the caseins, which comprise approximately 80% of the proteins in bovine milk, and the globular proteins of the 
whey fraction 20% (Table 8.3).
142
Table 8.3 Concentration of proteins in bovine milk
grams/litre % of total protein
Total Protein 33 100
Total Caseins 26 79.5
alpha si 10 30.6
alpha s2 2.6 8.0
beta 9.3 28.4
kappa 3.3 10.1
Total Whey Proteins 6.3 19.3
alpha lactalbumin 1.2 3.7
beta lactoglobulin 3.2 &8
BSA 0.4 1.2
proteose peptone 0.8 2.4
(adapted from Walstra and Jennes, 1984)
The distinguishing properties of all the caseins is their low solubility at pH 4.6, their isoelectric point at 8°C. 
At very low ionic strength, most of the whey proteins are insoluble at their isoelectric points (pH 5) but they 
are soluble in this pH range in the ionic environment of milk. All the caseins are phosphorylated but to variable 
extents; the phosphate is esterified to the polypeptides as monoesters of serine. These phosphate groups are 
important to the structure of the casein micelle (Fox, 1991).
The whey proteins are present as globular proteins which possess greater solubility in water than caseins, 
however, they are also subject to heat dénaturation.
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8.1.2.1 The casein micelle structure
The casein micelle exists as a colloidal particle. While the detailed structure of the casein micelle is still not 
known, it is widely, but not universally, accepted that the micelles are composed of spherical submicelles, 10- 
15 nm in diameter, and have a porous structure (Schmidt & Payens, 1976; Rose, 1969). Various techniques 
using enzymes and other probes indicate that kappa-casein, the principle micelle stabilising factor, is located 
predominantly at the surface although some of the other caseins also occur on the surface (Figure 8.1).
C a s e in  m ic e l l e C a s e in  s u b m ic e l le
hydrophobic core
» CMP “hairy’ layer
k - casein - 
enriched surface
Figure 8.1 Casein micelle and casein submicelle structure, (adapted from Hurley, 1997)
Its biological function is to carry large amounts of highly insoluble calcium phosphate to mammalian young in 
liquid form and to form a clot in the stomach for more efficient nutrition. Small aggregates of whole casein, 
containing 10 to 100 casein molecules, are called submicelles. It is thought that there are two different kinds of 
submicelle; with and without kappa-casein. These submicelles contain a hydrophobic core and are covered by 
a hydrophilic coat which is at least partly comprised of the polar moieties of kappa-casein. The hydrophilic 
caseinomacropeptide (CMP) of the kappa-casein exists as a flexible ‘hair’-like structure. Colloidal calcium
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phosphate acts as a cernent between the submicelles that form the casein micelle, where, binding may be 
covalent or electrostatic. Submicelles rich in kappa-casein occupy a surface position, whereas those with less 
are buried in the interior. The resulting “hairy” layer acts to prohibit further aggregation of submicelles by 
steric repulsion.
8.1.4 Antimicrobial components of bovine milk
Raw bovine milk contains several antimicrobial agents which are beneficial to the calf, primarily in the 
colostrum. However, these may be of little significance to the human consumer of milk and its products, since 
colostrum is generally excluded from the milk supply and the effectiveness of the systems is reduced or 
eliminated by clarification (centrifugation of cells etc.), pasteurization and homogenization. The antimicrobial 
agents are:
Lysozyme - an enzyme which hydrolyses glycosidic bonds in Gram-positive bacterial cell walls. The amount in 
bovine milk is about 13pg/dl (Renner et al. 1989) and it is inactivated to some extent by pasteurization.
Lactoferrin - one of several proteins that binds iron. Iron is sequestered from microorganisms that require the 
cation, thus inhibiting their growth. However, according to Renner et al. (1989), the protein in bovine milk is 
not bacteriostatic.
Lactoperoxidase - catalyzes the conversion of hydrogen peroxide to water. When H2O2 and thiocyanate are
added to raw milk, the SCN' is oxidized by the enzyme H2O2 complex producing bactericidal compounds which
destroy Gram-negative bacteria (Renner et al., 1989).
Lactoperoxidase
S C N  +H2O2 ------------------------------------►  O S C N  + (if excess H2O2) O 2 S C N  +  O 3 S C N
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Due to pasteurization lactoperoxidase is presumably inactivated, however, the stimulation of lactoperoxidase 
activity through the addition of hydrogen peroxide is used to prolong the life of raw milk in developing 
countries.
Certain components of milk are also known to be protective towards microorganisms. Casein has been found to 
exert a protective effect towards salmonellas in yogurt (Rubin & Vaughan ,1979). Casein present in acid-milk 
has also been shown to exert a protective effect on Salmonella typhimurium. Rubin (1985) showed that casein 
exhibits a protective effect towards S. typhimurium cells in this acid dairy product which is more effective as 
the pH increased the degree of protection being dependent upon both pH and casein concentration (Rubin, 
1985).
8.2 Aims of this chapter
The effects of surfactant on the survival of salmonellas investigated in Chapters six and seven indicated that 
surfactants present in an emulsion can influence cell survival. Components present in milk other than fat may 
also influence the survival of S. enteritidis cells during heating.
Skimmed milk was used to investigate the protective effect of casein towards S. enteritidis cells. The absence 
of fat ensured that protein, present in the form casein, would be the major factor determining the survival of 
cells during heat challenge. Concentrated skim milk and milk with the casein removed was used to investigate 
the effect of a decrease in water activity and subsequent increase in protein and protein removal on survival 
respectively. Casein solutions and dialyzed skim milk were also used to compare the effects of sugars and ions. 
Protein concentration was measured in all the samples used using the Kjeldahl and Lowry methods of protein 
determination.
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8.3 Materials and methods
8.3.1 Bacterial culture
S. enteritidis cells were recovered from frozen beads stored at -80°C (as in 2.5.3) and inoculated into 10 ml of 
NBYG, pH 7.0 and incubated at 37 °C for 18 h. After 18 h 2 ml of this culture was used to inoculate 50 ml 
UHT skim milk. Each was incubated for 18 h at 37°C to give an approximate count of 10  ^cfu/ml.
8.3.2 Dss-vaiue determination in skimmed and concentrated skimmed milk
2 ml of 5. enteritidis cells from the above bacterial culture was inoculated into 38 ml of UHT skimmed milk 
and subject to heat challenge at 55°C using the heat challenge apparatus (2.5.3). This procedure was repeated 
using concentrated skimmed milk. Briefly, skimmed milk was evaporated under vacuum at approximately 90°C 
to remove the water giving an approximate casein concentration of 5-6% (w/v).
Heat challenge was also carried out in a casein solution (non-micellar) containing 3.5% (w/v) casein powder 
(Sigma) at pH 6.5 prepared by mixing with distilled water. Casein solutions were subject to tindalization, 
heated under steam for 1 hour a day over a period of 3 days prior to heat challenge to eliminate the presence of 
unwanted microbial growth without causing protein dénaturation.
8.3.3 Dss- value determination in casein removed skimmed milk and dialyzed milk
Heat challenge of S. enteritidis cells was carried out in triplicate in skimmed milk with the casein removed. 
Skimmed milk was acidified with IM HCl (BDH Chemicals) to a pH of 4.6. Milk was held at this pH for 30 
min under continuous stirring at a cooled temperature of 5-8°C. The casein was then removed by filtering 
through filter paper (Whatman No. 2). The pH of the filtrate was then adjusted to 6.5 [the pH of milk prior to 
acidification] using 1 M NaOH.
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Heat challenge was also carried out in triplicate in dialyzed skimmed milk and dialyzed concentrated skimmed 
milk. For this, a length of semi-permeable membrane (Visking) was soaked in sterile H2O for 30 min. The 
membrane was then filled with approximately 350 - 400 ml of skim milk and sealed using plastic retaining clips 
leaving a 4 cm air gap at the top. The entire tubing was then submerged in sterile water (10 1). at 4°C which 
was continuously stirred at low speed. After 30 min the water was replaced with fresh sterile water and the 
whole apparatus was left overnight at 4°C. Dialyzed milk was then stored at 4°C for further work. 
Concentration of this dialyzed milk was also carried out when required using rotary evaporation as detailed in 
8.3.2.
8.3.4 D5 5 - value determination in other non-casein solutions
S. enteritidis cells were subject to heat challenge at 55°C in sterile distilled water, phosphate buffer solution 
(O.IM) and 1/4 strength Ringers solution. Heat challenge was carried out using the standard heating protocol 
(see 2.5.3).
8.3.5 Recovery and enumeration procedure
Heating menstruum samples were removed at timed intervals during heating. Where necessary 1 ml volumes 
were added direct to MRD + Tween 80 and further diluted tenfold prior to 0.1 ml spread plating on NA. Neat 
samples were dispensed into pre-cooled universals (4-8°C) to cool. All plates were incubated for 48 h at 37°C 
and enumerated following incubation.
8.3.6 Statistical analysis
Linear regression lines were fitted together with correlation coefficients (r )^ to gauge goodness of fit in 
survivor curves and standard deviation of the mean plot was also calculated.
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8.3.7Protein assays
9.3.7.1 Kjeidhaiprotein determination
The Kjeidhai method was used to determine the total protein concentration in skimmed milk and modified 
skimmed milk products. From this, the casein concentration could be calculated. For this, a 2 g sample of milk 
was mixed with 2 selenium tablets (Kjeltabs) and 20 ml of sulphuric acid (BDH Chemicals) in a Kjeltec 
digestion tube. 20 ml of hydrogen peroxide (BDH) was carefully added to this mixture and the tube was placed 
into a digestion system pre-heated to 420°C (Techtator 1007 digester) with exhaust fumes being evacuated 
using a water aspirator. After 30 minutes of digestion the tubes were removed from the heat and allowed to 
cool and diluted with 75 ml of water. 25 ml of 4% boric acid was placed into the receiver flask and 3 drops of 
screened methyl red indicator was added and the digestion solution was primed with 75 ml of 50% sodium 
hydroxide (BDH). The diluted digest was then steam distilled over into the receiver flask for 3 min, or, until the 
solution became clear. Following distillation, samples were titrated against 0.1 M HCL (BDH) to bright pink 
and the volume of HCL added was recorded. The calculation of total protein in the sample was made using the 
following formula:
% N = 100 X (ml of titrant of sample - ml of titrant blanks) x 0.007
g of sample
where, % protein = N x factor specific for different products 
N X 6.38 is normally used for milk products.
8.3.7.2 Lowry protein assay
8.3.7.2.1 Foiin-Ciocaiteau reagent (Lowry et ai., 1951)
Sufficient reagents for all the determinations were prepared prior to the assay as follows:
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(i) Lowry protein assay reagent (3 ml per sample) by mixing 9 parts of a stock solution A (NaiCOs 2% w/v, Na- 
K-tartrate 0.05% w/v, and NaOH 0.4% w/v) with 1 part of stock solution B (CU2SO4.5H2O 0.1% w/v).
(ii) Folin-Ciocalteau reagent (0.3 ml per sample) by diluting the commercially supplied stock solution 1:1 with 
water (Sigma).
Lowry reagent (3 ml) was added to the diluted milk sample (200 pi, 10'^) and immediately mixed and then left 
for 15 min at room temperature. The Folin-Ciocalteau reagent (300 pi) was then added and thoroughly mixed 
with the milk sample while vortexing. After standing for 30 min at room temperature the mixture was shaken 
and the absorbance at 750 nm was recorded against a reagent blank. The concentration of protein in the 
samples was calculated from a calibration curve prepared at the same time using a dilution series of bovine 
serum albumin (BSA)(Sigma). Each protein determination was carried out in triplicate to give a mean protein 
concentration.
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8.4 Results
The calibration curve for the Lowry method using BSA standards is given in Figure 8.2. The concentration of 
protein within each milk sample tested was calculated by substituting the measured absorbance in the equation 
for the straight line of the calibration curve y = 0.0012x + 0.153 and given in Table 8.4.
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Figure 8.2 Calibration curve for the Lowry method using BSA standards and measured
absorbance of skimmed milk, concentrated skim milk, dialyzed skimmed milk, 
casein solution and casein removed skimmed milk [ 10’^ ]
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Table 8.4 Mean concentration of total protein in skimmed, modified skimmed milk and casein 
solution
Milk or solution Total protein concentration (g/1 ) 
Lowry method Kjeidhai method
skimmed milk 3.59 3.42
concentrated skimmed milk 5.05 6.74
dialyzed skimmed milk 3.44 3.78
casein solution 3.48 3.82
casein removed milk 0.48 0.57
The mean survivor curves for S. enteritidis cells during heat challenge in skimmed milk and modified 
skimmed milks are given in Figures 8.3 and 8.4 with error bars indicating standard deviation about the mean. 
From these plots Dgg-values were calculated using linear regression and given in Figure 8.5. The mean casein 
concentration of each milk type calculated using the Kjeidhai and Lowry methods of protein determination is 
also given in Figure 8.6.
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Figure 8.3 Survivor curves of S. enteritidis during heat challenge in dialyzed skimmed, dialyzed concentrated 
skimmed milk and in casein removed skimmed milk (arrows indicate limit of detection)
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Figure 8.4 Survivor curves of S. enteritidis during heat challenge at 55 °C in skimmed, concentrated 
skimmed milk and casein solution (arrows indicate limit of detection)
Overall, a large range of Dgg-values were recorded when investigating thermal death o f S. enteritidis cells in 
skimmed and modified skimmed milks. These ranged from 3.38 min in skimmed milk to 8.21 min in the casein 
solution. The fact that skimmed milk proved to be the least protective towards heat suggests that components 
within the milk were responsible for an increase in cell sensitivity. As certain components were removed from 
skimmed milk changes in Dss-value were observed.
The removal of casein by acidification almost doubled the Dss-value from 3.38 min to 6.42 min suggesting that 
the presence of casein in the skimmed milk increased cell sensitivity to heat reducing the Dss-value. The
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arrangement of casein within the solution also determined cell sensitivity to heat. Non micellar casein present 
in the casein solution gave a higher Dss-value of 8.21 min, whereas micellar casein, present in skimmed milk, 
resulted in a much lower Dss-value of 3.38 min This suggests that the microstructure of the heating menstruum 
influenced the sensitivity of heated cells.
Concentration of milk by the removal of water from the milk increased survival of cells resulting in a Dss- 
value of 6.42 min. This may have occurred due to the reduction in water activity of the solution , or, due to the 
increase in concentration of casein. The removal of salts from skimmed milk following dialysis also increased 
the Dss-value of S. enteritidis cells. Cell survival was increased resulting in a Dss-value of 7.47 min with a 
similar result of 7.61 min obtained in concentrated dialyzed skimmed milk suggesting an increase in cell 
sensitivity in the presence of dissolved salts.
Mean survivor curves for S. enteritidis cells in water. Ringers solution and P O 4  buffer are given in Figure 8 . 6 .  
The Dss-values calculated from the survivor curves were 3.88, 5.13 and 11.14 min respectively indicating 
phosphate buffer being more protective than Ringers solution. In this case it appears that the addition of a 
solute to a solvent increases cell survival, but increases sensitivity to heat when present in milk. This suggests 
the presence of other salts which may be detrimental to bacteria.
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Figure 8.5 Mean Dss-values of S. enteritidis, ^  values and casein concentration of skimmed milk and
modified skimmed milks calculated from the mean total nitrogen concentration from Table 8.4
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Figure 8.6 Survivor curves of S. enteritidis during heat challenge in Ringers solution, PO4 buffer 
(O.IM) and H2O (arrows indicate limit of detection)
8.5 Conclusion and summary
S. enteritidis cells heat challenged in UHT skimmed milk were more sensitive to heat than any other 
menstruum used, which included water. It is clear that some component of the skimmed milk, either casein in 
the form of micelles, or salts present, or a combination of both, caused cells to become more sensitive to the 
heat applied. The two highest D^g-values obtained from modified skimmed milk were those obtained in 
dialyzed skimmed milk due to the removal of dissolved salts and skimmed milk with casein removed with D 5 5 -  
values of 7.47 and 6.42 min respectively.
The tailing of survivor curves was found to be most pronounced in concentrated skimmed milk. This tailing 
may be due to the effect of microstructure on the survival of S. enteritidis cells where a population of cells was 
subjected to an environment containing close packed casein micelles which may have different local a^.
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It appears that non-micellukr casein used in the form of a solution was protective towards S. enteritidis cells 
which agrees with the work of Rubin et a l, (1979). However, casein present mainly in micellar form within 
milk did not show any protective effect towards S. enteritidis cells.
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9.0 General discussion
The model emulsions employed were based on the simple emulsions used by Brocklehurst et al. (1995) in 
which hexadecane was used as the oil phase dispersed within a nutrient containing aqueous phase suitable 
for sustaining microbial growth. Variations of this method were used to produce emulsions containing 
food grade components including sunflower oil and the surfactants lecithin and Tween 60. A mean droplet 
diameter of 5.15 pm was measured for hexadecane/Brij 35 emulsions comprising of hexadecane 
concentrations between 5 to 20 % (v/v) which was approximately 3.0 pm larger than the mean droplet 
diameter measured by Brocklehurst. Droplet sizes differences may have occurred due to the differences in 
concentrations of hexadecane used [Brocklehurst used 30 and 70% (v/v/)] shear applied to the emulsions 
in the form of shape of mixing pot, impeller speed and the standard blending protocol times applied.
The mean droplet diameter for hexadecane /Tween 60 emulsions was 4.2 pm slightly smaller than the Brij 
35 stabilized emulsions which represent greater emulsifying properties of Tween 60. Sunflower oil 
emulsion droplets were larger than hexadecane droplets possibly due to the increased viscosity of the 
sunflower oil which significantly reduced the shear within the mixing pot, producing mean droplets of 
12.5 and 5.38 in Brij 35 and Tween 60 stabilized emulsions respectively. Lecithin stabilized surfactants 
proved to be problematic in the sense that stable emulsions could only be produced with sunflower oil and 
not with hexadecane. Shinoda & Kaneko (1989) added ethanol or propanol to the aqueous phase to reach a 
hydrophile-lipophile balanced state of lecithin enabling increased solubility in hexadecane. Shinoda also 
mentions that pure lecithin, such as dipalmitoyl phosphatidyl choline, is not suitable for practical purposes 
as its melting point in the presence of water is 41°C. In the absence of alcohol, as used here, phosphatidyl 
choline does not significantly dissolve into water or oil and hence may not form a stable emulsion.
UHT milk droplet size was considerably smaller than the model emulsions produced due to 
homogenisation. For example, the mean droplet diameter of a 3.8% (v/v) UHT full fat milk fat droplet was 
0.52 pm compared to 2.56 pm for a sunflower oil droplet in a Tween 60 stabilized emulsion. Ideally, the
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mean droplet diameters of the model emulsions would be comparable to the milk fat droplets. However, 
due to the impracticality and cost of sterile homogenizing apparatus it was only possible to produce 
emulsions using simple, but, effective blending apparatus.
The specific growth rates of S. enteritidis in emulsions containing 5 - 20% (v/v) dispersed phase were 
found to be similar among all of the sunflower oil and hexadecane model emulsions investigated, which 
indicates no apparent effect on growth rates due to the presence of a dispersed phase or the presence of 
surfactant. However, the presence of dispersed phase did increase the lag time when compared to NBYG 
(nutrient broth, yeast and glucose) alone before exponential growth occurred. An extension of lag phase of 
approximately 2 hours was measured in the majority of the emulsions tested. The extension of lag phase 
seen in the emulsions occurred due to the adjustment of the inoculum to the new environment. No 
differences were detected in the final growth yields achieved in the different emulsions types tested at 
37°C.
This is in agreement with Rosenow et al. (1987) who investigated the effect of dispersed phase in skim, 
whole and chocolate milk on the growth of Listeria monocytogenes at various temperatures. No difference 
in growth rates was measured between the different milks used at all temperatures of growth. However, 
final yields of cells were found to be higher in chocolate milk than in other milks due to sugar and cocoa 
powder present. Conversely, Donnelly & Briggs (1986) reported on the apparent effect of fat upon the 
growth rates and final population levels of L. monocytogenes in milk. Milk composition was found to have 
greatest effect on growth rates at psychrotrophic growth temperatures. Similar model emulsions used by 
Brocklehurst et al. (1995) also found no difference in the final yields and growth rates of Listeria 
monocytogenes and Yersinia enterocolitica in 30 and 70% (v/v) hexadecane and sunflower oil emulsions 
at a pH of 7.0. However, creamed emulsions with a dispersed phase concentration of 83% (v/v) 
hexadecane with a mean droplet diameter of 2 pm did reduce final yields and growth rate of L. 
monocytogenes but not Y. enterocolitica.
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The microstructure of the model emulsions did not enable cell occlusion by oil droplets, hence, growth of 
S. enteritidis cells was free-living (or planktonic) in which cells were solely growing throughout the 
aqueous phase of the emulsions and not in the form of immobilized colonies (Plates 5.1 and 5.2). This 
observation was confirmed by the modified Craige tube method for determining cell motility within the 
aqueous phase of the emulsion.
During stationary (still) incubation the specific rates of growth and final yield within an emulsion 
increased from the Vpp i of the emulsion to theko^T he occlusion of cells due to the congregation of 
droplets towards the upper part of the emulsion by creaming would probably cause cells to be trapped 
within the upper layer of the emulsion giving rise to a greater count in this region. However, cell count 
was greater within the lower layer of the container suggesting the effect of gravimetric force exceeded the 
forces of attraction to the oil droplets as observed in Figures 5.1 and 5.2.
Clearly emulsion structure did influence the growth of cells within an emulsion depending upon the 
concentration of dispersed phase present but did not influence the final yield of cells obtained. In an 
emulsion where the microstructure does not influence growth, such as in low concentrations of dispersed 
phase, the chemical and nutritional components of the aqueous phase can influence the growth of bacteria. 
Comparisons made between the specific growth rates of S. enteritidis within the aqueous phase of an 
emulsion, with no dispersed phase present, showed that the addition of 1% (w/w) glucose and 0.3% (w/w) 
yeast extract increased growth rate. It is therefore evident that adjustment of the chemical composition of 
the aqueous phase of an emulsion , e.g., by the addition of salt or by adjusting pH, can be used to restrict 
growth of microorganisms as well as enhancing it.
The growth conditions of cells prior to heat challenge can influence the cells survival. It was essential 
therefore, that the influence of microstructure on growth was investigated to eliminate possible 
variations in heat survival. Luedecke et al. (1966) observed that differences in concentration of fat content
160
prior to heat challenge did influence cell survival. Pseudomonas fragi cells grown in skimmed milk had 
greater thermal resistance (D52 = 3.0 to 3.1 min) than those grown in milk containing fat (D52 = 1.9 to 2.5 
min). Cells grown prior to heat challenge were thus grown in the identical menstruum/emulsion prior to 
heat challenge to eliminate the possibilities of environmental shock upon cells once introduced within the 
heating menstruum. This prior familiarization of cells within an emulsion ensured that they were evenly 
distributed within the heating menstruum and did not form clusters containing large populations, which 
would influence the detection of survivor numbers. This phenomenon may have occurred if cells were 
grown in NBYG alone.
It was essential that all cells grown prior to heat challenge were in a stationary phase of growth and not in 
exponential phase. The phase of growth of a culture of cells will influence their survival during heat 
challenge. It is well documented that cells from exponential phase cultures are more sensitive to heat than 
stationary phase cells. Kenis & Morita (1968) suggested that this effect was a consequence of temperature 
sensitive mechanisms involved during rapid growth. During exponential growth rapid turnover of cellular 
materials and continuous replication of chromosomal DNA occurs, which may explain the increase in heat 
sensitivity during this state. Siegele & Kolter (1992) offered an alternative explanation for this, in which 
the authors propose that at moderate temperatures, it is not the heat that is destructive towards rapidly 
growing cells, but the recovery of these cells afterwards. In dividing cells, heat disrupts the growth cycle, 
but the associated metabolic activity carries on regardless, which results in an imbalance between 
constructive and destructive metabolism. This phenomenon does not arise during stationary phase as the 
transition between exponential and stationary phase results in the cessation in cell division and a general 
reduction in metabolic activity. In addition to this, stationary phase also marks the approach of the cell 
into a resistant state enabling its survival until favourable growth conditions arise.
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If cells in exponential phase were extracted for heat challenge experiments, differences in heat sensitivity 
may have arisen due to the fact that cells may be at different growth cycles to other cells in the same 
population.
Having investigated the rates of growth and yield of S. enteritidis grown in emulsions in Chapter 5 the 
rates of death in emulsions during heating were investigated in milk and model emulsions in Chapters 2 
and 5 respectively. It was evident from calculations of Dgg-value and times required for successive log 
reductions that as the concentration of milkfat increased in the different milks used an increase in D 5 5 -  
value was also recorded. For example mean D 5 5 -  values increased from 2.83 min in virtually fat free milk 
to 4.59 min in single cream. The mean time required for a 5 log reduction also increased from 18.43 min 
to 24.43 min in the same milks respectively.
Bradshaw et al, (1987) studied the influence of milk fat on the survival of Listeria monocytogenes in raw 
and sterile milks with increasing concentrations of milk fat at 57.8 °C. D-values increased slightly by 0.2 
min from 4.13 min in skim milk to 4.33 min in single cream. The difference in increase in Dss-value 
calculated in our investigations were found to be 1.76 min, significantly greater than that calculated by 
Bradshaw. Differences in heat resistance of Gram-positive Listeria and heat inactivation methods may 
explain this small increase in D-value observed. Brown & Peiser (1916) also demonstrated that higher 
milk fat content conferred a definite protective action on certain lactic acid bacteria. Their results showed 
that the temperature necessary to destroy all bacteria was lowest in broth increasing through skimmed, 
whole milk and cream. They attributed this marked increase in the heat resistance with the different milk 
media solely to the protective action of the milk fat.
Conversely, D’Aoust et a/. (1961) and Luedecke & Harmon (1966) observed no increase in the survival of 
cells in milks containing higher milk fat contents with various bacteria. Nichols (1940) reported that the
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increase in milk fat on the survival of E. coli was actually detrimental to bacterial survival and observed 
increased death rates in cream than in skimmed and whole milk.
These contrasting results observed by the above authors could be accounted by the different bacteria used, 
type of milk used, i.e., milk fat was increased by the addition of milk fat from other milks, and the 
methods of heat inactivation applied. This prompted thermal inactivation experiments with the use of the 
three model emulsion systems developed, where a simple oil-in-water emulsion with increasing 
concentrations of dispersed oil could be compared to those investigations carried out in milk.
Investigations of survival of S. enteritidis in model emulsions showed that the increase in dispersed phase 
with sunflower oil and hexadecane increased the survival of cells at 55°C. The highest increases in Dss- 
value were observed with the surfactant Brij 35. When comparing Dss-values in sunflower oil and 
hexadecane with concentrations of 0 and 15% (v/v) increases were measured from 2.15 to 7.65 min and 
from 2.15 to 5.31 min respectively. Successive increases in log reduction times measured in emulsions 
with increasing concentrations of dispersed phase support the Dss-values recorded.
Increases were also observed with Tween 60 but were lower than those observed with Brij 35, with 
increases from 1.53 to 3.23 min from 5 to 15% hexadecane and from 2.33 to 3.73 min in sunflower oil 
respectively. However, with Tween 60 the addition of hexadecane and sunflower oil to a dispersed phase 
free mixture caused an initial decrease in Dss-value of 2.55 and 1.75 min respectively which was not 
observed when using Brij 35. As mentioned earlier, the problems associated with lecithin stabilized 
emulsions and their instability, caused problems during the measurement of heat challenge. Therefore, 
Dss-values could not be obtained within hexadecane/lecithin emulsions and in only a small number of 
sunflower oil/lecithin emulsions.
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Overall, similar Dss-values were recorded between emulsions using the same surfactant regardless of type 
of oil phase used indicating the suitability of the emulsions used.
Comparisons of survival of microorganisms in buffers and oils also confirm the observations found using 
the model emulsions. Molin & Snygg (1967) investigated the survival of various Bacillus spores in 
phosphate buffer, and oils. A pronounced increase in heat resistance was noticed for B. subtilis and 
Clostridium botulinum spores suspended in soyabean oil and liquid paraffin. Further studies by Ababouch 
et a l  (1995) compared the survival of Bacillus subtilis spores in buffer (pH 7.2) and in various mineral, 
olive and vegetable oils. They concluded that spores suspended in oils were significantly more resistant to 
heat in olive and mineral oil than in Butterfield’s buffer. Both investigations suggest the lower water 
content of the oils used and free fatty acids present in the lipids may have had a stabilizing effect on the 
spores, as lower D-values were observed in mineral oils containing no free fatty acids.
It is clear that the above authors suspended spores entirely within either oil or buffer and did not suspend 
them in emulsions. However, the increase in survival of S. enteritidis cells within emulsions containing 
increasing concentrations of oil, and their close association may be connected. Senhaji & Loncin (1977) 
took the step of investigating the effect of oil within a crude model emulsion system comprising 
phosphate buffer and soya oil. An increase in survival of Pseudomonas fluorescens was observed in 
emulsions compared with those suspended in buffer alone, due to the reduction of water activity within 
the oil phase. However, Senhaji suggested that the cells were present within the oil phase of the emulsion 
and were subject to a lower water activity than that detected in the aqueous phase of the emulsion. 
However, investigations carried out in this project showed that cells were present solely in the aqueous 
phase of the emulsion and not within the oil droplets of the dispersed phase (Plates 5.1 to 5.3).
The tailing of survivor curves was observed during thermal inactivation studies in both in UHT milk 
(Chapter 2) and within the model emulsions (Chapter 5). Increased tailing, as measured from correlation
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coefficients, and from observations of survivor curves occurred as the concentration of dispersed fat was 
increased within the emulsion under investigation. Observations of non-linear death in survivor curves 
have been cited by many authors studying thermal inactivation of vegetative cells and endospores.
Some proclaim the presence of tailing as a biological phenomenon which occurs due to the presence of a 
subpopulation of bacteria which posses an increased heat resistance and hence longer survival than the 
main population or due to the influence of fat or proteins on cells during heating, while others express the 
tailing as artefactual and result from the fact that one is normally counting numbers of colony-forming 
units (cfu) rather than actual survivors, so the observed deviations do not reflect the true inactivation 
kinetics of the heating method applied.
Donnely & Briggs (1987) demonstrated the possibility that the heating method influences the shape of 
survivor curves. Listeria monocytogenes inoculated milk was heated in incompletely submerged capped 
tubes with the milk level residing below the level of the water bath. Survivor curves at a range of 
temperatures showed initial linear survivor reductions of 3-4 logio followed by prolonged erratic tailing in 
which numbers seldom decreased further and in some cases increased. A second method using fully 
submerged vials produced linear death. Two explanations in the experimental protocol of the 
determination of Listeria monocytogenes carried out using the ‘open’ system of thermal inactivation were 
described. The first explanation is that condensate and splashed cells could collect on the sides of the 
heating flask when initially deposited into the heating menstruum. Cells collected on the side of the flask 
above the level of water surrounding the flask are subject to temperatures lower than that of the main 
liquid eventually drop into the main bulk liquid after a time causing further detection of “heat resistant” 
cells. The second explanation mentions the stirring or shaking of the flasks contents has the effect of 
placing cells at regions higher than that of the bulk liquid and are again subject to reduced temperatures. 
Donnely suggests that ‘closed’ heating systems, whereby bacteria are sealed in glass ampoules and 
submerged in a water bath and removed and cooled at timed intervals, are less likely to produce tailing.
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The heating protocol used for the production of many survivor curves of S. enteritidis in emulsions in this 
project used apparatus designed to be simple, easy to operate, and where possible free from 
methodological artifacts which may influence survivor curve shape. The initial inoculation of the heating 
menstruum was carried out carefully as not to place cells on the side of the flask and not to cause 
splashing. The inoculum was pipetted under the surface of the bulk liquid to prevent splashing and the use 
of a magnetically driven stirring device of the contents of the flask was carried out by a slow moving flea 
at 60 rpm to prevent positioning of cells higher than the main liquid level. These precautions undertaken 
during heat challenge support the belief that the tailing of survivor curves generated by the stirred flask 
method were true and non-artefactual.
Deviations from these simple log-linear relationships have been observed when careful and accurate 
experimentation has been undertaken. Commonly observed tailing cited may result from the presence of 
small numbers of large clumps of cells in the suspension, or from heterogeneity in resistance within the 
population (Cerf, 1977). This is particularly so during heat treatments during which vegetative cells may 
continue to metabolize, and thus be changing in composition and structure, and consequently in 
thermotolerance, during the actual heating process. The resulting tails can be very pronounced, and be 
greatly influenced by the heating menstruum and by the conditions of growth prior to heating.
Dabbah et a l  (1971a) observed extensive tailing of survivor curves of S. enteritidis in liquid egg 
homogenates at 60°C and similarly in commercially sterilized whole milk and believed tailing was caused 
by a small number of bacteria surviving heating due to cells possessing increased resistance to heat. Corry, 
(1976) observed tailing in survivor curves of yeast suspended in sugar solutions in sealed glass ampoules 
submerged at 65°C, a method thought to be free from any methodological errors. She suggests the 
presence of tails were due to the presence of heat resistant ascospores present within the population of the 
less resistant vegetative cells.
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Model emulsions containing increasing concentrations of fat produced tailing as the concentration was 
increased. A coefficient of variation or goodness-of-fit calculated from linear regression of survivor 
curves in hexadecane oil/Tween 60 emulsion, for example, decreased from 0.98 in an oil free menstruum 
to 0.89 in a 20% hexadecane containing menstruum. Similar observations of an increase in tailing and a 
decrease in coefficient of correlation was also measured when milk fat was increased in fat free milk to 
18% in single cream. This observation may be due to the reduction in Qw in cream or due to the presence 
of mechanical hindrance due to the close approximation of dispersed oil droplets.
The presence of oil or fat has also been found to influence tailing of survivor curves in both model and 
food emulsions. Senhaji & Loncin, (1977) observed tailing in survivor curves of Bacillus subtilis spores in 
a model emulsion system containing water and oil following heating in a closed glass ampoule system. 
They suggest that the spores are within the oil phase of the emulsion which possesses a lower a^  than the 
surrounding aqueous phase, so that the heat resistance of microorganisms within the oil is greatly 
increased. However, microscopic investigations with a 15% hexadecane/ Brij 35 model emulsion (Plates 
5.1, 5.2 and 5.3) show that S. enteritidis cells are clearly present within the aqueous phase of the emulsion 
and not within the oil phase. Although, it is clear that cells are in close association u^ iVkthe hexadecane 
droplets and not suspended in areas of the emulsion where hexadecane droplets are absent.
However, some authors do observe the ‘trapping’ of microorganisms within the oil phase of an emulsion 
and within the oil phase of a water/ oil mixture as found in canned food products. Mudd & Mudd, (1942) 
studied the behavior of bacteria in an interphase between water and oil. They found that some bacteria 
passed from the water phase to the oil phase and the addition of sodium oleate and fatty acids also seemed 
to have a similar effect, whereas, the addition of polar substances such as citrates and nitrates had a 
tendency to keep bacteria out of the oil.
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It is possible that the close affinity of oil droplets and cells may play a part in the increased survival of S. 
enteritidis cells and explain observations of tailing. Cells may be surrounded by oil droplets and be 
subjected to a micro-environment which possesses a local reduction in water activity than the bulk of the 
emulsion, hence, causing an increase in survival. Microstructure of the heating menstruum may therefore 
play a role in influencing cell survival within a particular food system.
Hills et al. (1996) suggests changes in a^ is applicable to heterogeneous porous materials such as 
foods. It was shown that because of the differing states of bulk, surface and structural water, the water 
activity can spafially vary throughout the system and is affected by changes in microstructure and /or 
surface to volume ratios in model porous systems comprising of potato starch granules. However, this 
theory applies to close packed spheres within a food system and it is evident from microscopic 
examinations that close packing of oil droplets does not occur within the model emulsions used (Plates 
3.4, 3.6, 3.8 and 3.10) but may occur in emulsions containing oil droplets of smaller diameter such as 
observed in milk and cream (Plates 3.3, 3.5, 3.7 and 3.9).
It has been postulated by authors investigating thermal inactivation that a sub population of cells within a 
system may possess increased resistance to heat producing tailed survivor curves during heat challenge 
(Blackburn & Davies, 1994; Humpheson et al. 1997). Humpheson et al, (1997) carried out several 
investigations into the causes of tailing of thermal survival curves in S. enteritidis. Recovered S. 
enteritidis cells from the later stages of heat challenge at 60°C, were recultured and subjected to a second 
heating. The authors found no significant difference in death kinetics compared with the mean data 
reported for those cells used out in the first heat challenge. This suggests that the tailing of survivor curves 
carried out in this study was not due to the presence of a sub-population of cells with increased resistance 
to h ea t, but as a result of the combined effects of the emulsion microstructure and the association with 
oil droplets.
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Changes in the population of cells during heating may occur due to the production of Heat Shock Proteins 
(HSP’s), and thus cause the tailing of survivor curves. When bacteria are subject to environmental 
stresses, such as an increase in temperature, they initiate the synthesis of these HSP, a major class of stress 
proteins involved in thermal protection, resulting in a state of enhanced heat resistance (Blackburn & 
Davies, 1994).
The use of a protein synthesis inhibitor stopping HSP production or release within the heating menstruum 
could have determined the effect of HSP’s on the tailing of survivor curves. However, due to time 
constraints of this project this was not completed.
The detection of bacteria possessing increased Cell Surface Hydrophobicity from a range of bacteria 
tested in Chapter 4 were found to be only slightly influenced by the increase in sunflower oil added to the 
emulsions system when comparing Dss-values. However, when comparing the final detection times o f P. 
vulgaris cells from survivor curves following heat treatment, it is evident that cells present in emulsion 
containing higher concentrations of sunflower oil were being recovered long after cells in lower 
concentrations of sunflower oil. For example, P. vulgaris was detected following 8 minutes of heating in a 
15% sunflower oil emulsion , but only 1 min in a 5% sunflower oil emulsion. This suggests that in this 
range of experiments Dss-values did not truly reflect the increase in numbers of survivors due to the small 
number of points plotted on the survivor curve, [in the case of 5% sunflower oil only two points could be 
plotted]. P. vulgaris cells subject to heat challenge in NBYG alone were being detected following 10 min 
of heating indicating increased survival within broth containing no dispersed phase. This follows the 
similar patterns observed during the heating of C. freundii and S. enteritidis cells in emulsions stabilized 
with Tween 60.
The increased CSH of the mutant rough strain of S. enteritidis did not influence its survival during heating 
in higher concentrations of sunflower oil when comparing Dss-values. The loss of O side chain and
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subsequent reduction in the amount of lipopolysaccharide present on the surface of the bacterium may 
increase the sensitivity of the cell to possible toxic components of Tween 60 to be discussed later in this 
Chapter.
The addition of surfactant to NBYG increased S. enteritidis cells sensitivity to heat. A reduction in Dss- 
value of 7.54 min from the control to 4.08 and 2.15 min were recorded in Tween 60 and Brij 35 
surfactants respectively. Similar observations were recorded showing an increased sensitivity to heat in P. 
vulgaris and C. freundii with the addition of surfactant. The addition of dispersed oil phase reduced this 
sensitivity to heat and caused the reverse effect by gradually increasing Dss-value as the oil concentration 
was increased. This increase in concentration of dispersed oil and subsequent increase in surface area may 
enable the binding of excess surfactant molecules to the oil droplets which in turn reduced the 
concentration of unbound toxic surfactant within the aqueous phase. This reduction in the exposure of S'. 
enteritidis cells to the potent surfactant subsequently increased cell survival.
The extent to which ‘mopping’ up of the surfactant by the dispersed phase occurred within an emulsion 
was investigated in Chapter 7. This was determined by measuring the sensitivity of S. enteritidis during 
heating following the separation of a temporary model emulsion system. These separated phases would 
possess differing levels of surfactant or toxic component of surfactant due to its partition coefficient 
within each phase. Salmonellas were found to be more sensitive to heat when heated in the reconstituted 
oil phase of the emulsion suggesting greater partition of Tween 60 or toxic components of the bulk 
mixture into the oil phase of the emulsion. At 10% sunflower oil a Dss-value of 2.26 min was recorded in 
the re-emulsified oil phase and a Dss-value of 3.34 min was recorded in the recovered aqueous phase.
Separation of the temporary emulsion following incubation at room temperature and at 55°C was 
performed to determine if cells present within the aqueous phase or associated with the oil phase were 
more sensitive to heat in each particular location. The numbers of cells detected within each phase
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following separation was found to be similar at 25°C . However, following heat challenge at 55°C the 
count was found to be slightly lower in the oil phase suggesting an increase in heat sensitivity due to the 
increase in surfactant present within this phase.
The partitioning of Tween 60 between hexane and water was investigated to measure the amount of 
separation between water and hydrocarbon and to compare this result with that obtained by . partitioning 
in the temporary emulsion system. Tween 60 was found to possess a greater affinity for water than 
hexane, with a mean separation of 81 and 15% respectively, which is a common characteristic of the 
family of so called ‘Tweens’. This seems to contradict the observation of an increase in heat sensitivity 
within the separated oil phase of the temporary emulsion. However, surfactants are surface active agents 
and will concentrate at the oil water interface. This will reflect in its ability to partition between two 
phases of an emulsion. The emulsion, with a huge surface area, compared with the small surface area used 
in the chemically fractionated method, will absorb greater quantities of surfactant which may be reflected 
in an increase in the heat sensitivity to cells.
S. enteritidis cells were found to be more sensitive to heat in NBYG containing the aqueous fraction of 
Tween than in NBYG containing the hexane fraction. This was likely to be due to the increase in 
concentration of components that partitioned into the aqueous fraction of the separated phases using this 
method of separation with the ability to sensitize bacteria to heat.
It is clear that contradictory results were observed from the experiment using two different methods of 
partitioning of Tween 60. These results could be explained due to the differences in surface area 
mentioned earlier and possibly due to the different temperatures employed during partitioning which 
would clearly influence the solubility of Tween in the two phases.
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Casein did not exert a protective effect towards S. enteritidis cells during heat challenge when present in 
milk. The removal of casein from skimmed milk decreased cell sensitivity to heat indicating an 
antagonistic effect by casein. Rubin (1985) established that casein did exert a protective effect towards S. 
typhimurium in milk and showed that the amount of protection was directly related to the casein 
concentration. However, Rubin’s milk was acidified with lactic acid giving a pH of 3.8. Also cells were 
not heated, they were only subjected to a temperature of 37°C. As the pH was increased to 5.4 the 
protective effect of casein was reduced indicating an increase in sensitivity towards casein as the acidity 
was reduced towards a neutral pH. Rubin suggested that the mechanism involved in protection of cells 
was due to the absorption of bacteria to the casein molecule which in turn reduced the surface area 
available for the transport of lactic acid into the cell. This would, in effect, increase the length of time 
necessary for a lethal intracellular concentration of lactic acid to accumulate.
The removal of salts from skimmed milk by dialysis decreased the sensitivity of cells to heat. Milk 
contains a number of dissolved salts which could influence the heat resistance of S. enteritidis or other 
microorganisms. Included, are the chlorides, phosphates, and citrates of potassium, sodium, calcium and 
magnesium (Wong, et a l, 1988).
However, the effect of dissolved solutes within a heating menstruum, other than milk, dramatically 
increases cell survival as recorded with the highest Dss-value of S. enteritidis in phosphate buffer. The 
ability of other solutes, including sodium chloride, has been found to exert a protective effect towards 
cells when present in the heating menstruum. Heddleson et al.. (1991) found that the addition of NaCl to 
the heating menstruum increased the heat resistance of Salmonella sp. They concluded that the increase in 
resistance recorded was not due to the slight decrease in water activity but due to the influence of salt 
present during heating. They concluded that presence of NaCl within the heating menstruum may have 
served to stabilize heat sensitive cellular components, thus reducing cell death. From this evidence it is 
possible that certain dissolved salts including potassium may behave in a similar fashion reducing cell
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sensitivity to heat. However, in the presence of casein or in the case of milk where large numbers of 
different solutes are present, this combination may be detrimental to cells rather than being beneficial.
The concentration of casein by the removal of water did decrease the sensitivity of S. enteritidis cells to 
heat but the Dss-value recorded was the same measured in skimmed milk with the casein removed by 
acidification.
9.1 Concluding remarks
Salmonella, along with Campylobacter, being responsible for the most common form of food poisoning 
in the UK, still present a problem for the food industry. Their capacity to contaminate many dairy food 
products makes them an ideal model organism to investigate the physiology of heat stress and injury. In 
this work, the heat resistance of Salmonella in a range of food and model emulsions was investigated. The 
aims of this work were to demonstrate the effect of the presence of fat in emulsions on the survival of 
Salmonella and to address the reasons behind the ability for enhancing cell survival.
The D-value is essential to the food microbiologist in determining the process time required to ensure the 
safety and quality of many food products that undergo heat processing, whether they be minimally or 
extensively heat processed, as in pasteurization. The presence of fat within a food emulsion or other food 
product containing fat can influence the measurement of the D-value. Deviation from log-linear 
inactivation kinetics was evident producing reproducible survivor curves with tails, the extent of which 
were determined by the amount of fat present within the emulsion.
Food structure within an emulsion system can influence the survival of a microorganism within it when 
subjected to heat. The association of microorganisms with the oil phase of an emulsion has been found to 
influence their survival in this work and that of others. It is important that the structural constituents of
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foods, as well as their chemical constituents, are taken into account when determining suitable 
requirements for a particular heat method applied.
The sensitivity of bacteria to a heat process applied in an emulsion or other food product may be increased 
due to the presence of a particular surfactant or solute, or, combination of both, within the aqueous phase 
of the emulsion. The choice of solute added to the food may be one which is detrimental to bacteria or 
beneficial in their ability to enhance cell survival. This ability may depend upon the presence of other 
food constituents present such as food proteins or salts, the pH and temperature.
The significance of prominent tails present within survivor curves reduce the margin of safety within a 
heat process. Although tails were mainly witnessed at low levels, the probability for survival does exist, 
and the necessity for increasing the recommended D-value may be required. This would be particularly 
desirable for minimally processed emulsion foods and additive-free products. Although Salmonella are 
relatively heat sensitive among food-borne pathogens, problems of survival may occur in other 
microorganisms such as Listeria which are significantly more heat resistant. Along with Campylobacter 
and Salmonella, Listeria monocytogenes is the major heat resistant organism of concern in pasteurized 
milk for example.
9.2 Future investigations
The tailing deviations of microorganisms observed within this work may have been influenced by the 
synthesis of heat shock proteins during lethal heating. Inhibition of de novo protein synthesis can be 
achieved by the addition of chloramphenicol to the heating menstruum. Comparison of survivor curves 
with HSP inhibition and normal death of microorganisms could be determined. Furthermore, measurement
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of quantities of HSP’s present within the heating menstranm can be measured by their extraction using 
sodium dodecyl sulphate-polyactylamide-gel electrophoresis (SDS-PAGE) at particular times during heat 
challenge.
However, HSP synthesis cannot be expected to account for all tailing deviations in all microorganisms. 
For example, spores in particular are metabolically inactive and the tailing associated with it cannot be 
due to the production of HSP’s.
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Appendix - Each point on each plot represents the mean of three determinations.
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